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RELATION BETWEEN INFLAMMABLES AND IGNITION SOURCES IN
AIRCRAF1’ ENVIRONMIINTS ‘

By WILPREDE. SCULL

SUMMARY

.4 literature WLrceywa8 conducted to determine the relation
between aircmfi ignition 8ources and injarnmables. A.udable
[itemture applicable to the probkm of aircmjt jire hazards I%
analyzed and diwu88ed herein. Data pertaining to the S?ftL~

fII many mm”ab[e8on ignition kmpemtures, minimum igndiorb
pwure8, minimum 8parh--ignifion energies of injamma-
blm, quenching distance8 of electrode mn$gumtion8, and size
of openings thruugh which Ja me u-ill not propagate are pre-
Xetded and di.wu8sed. Ignition tempemture8 and limiti of in-
Jammability of ga801ine in air in di$erent test enrironrnents,
and the minimum ignition pressure8 and minimum tize of open-
ings for $ame propagahlm in ga801ine+ir mixture8 are in-
cluded; inerting of ga~oline+ir mirtures is dikw.wed.

The r.mult8 qf the wcrry indicate the Powibility of reducing
aircmft-~re hazard8 by:

(1) Presenting contact of fuek or fuel capom with the hot
(zhaust aurface8

(d) Releasing an eztingutihing agent inside of and around
the erhau8t system if a cm8h i8 imminent

(3) Reducing the tempemture of the crhaud duct or gases
below the surface-ignition temperatures of ga801ine and [ubri-
cuting oil in. the erent of a crash

[~) Incream”ng the surface-ignition temperatures of ga80[ine
and lubricating oil

(5) Crtingf uelg of reduced w?atility
(C] Eliminating the electrical genemt ing aydem as an igni-

tion hazard in the erent of a crash
V) Inerting the engine nacelle8 and wing compartments.

INTRODUCTION

.ts a part of the aircraft-fir+research program, a literature
survey w-as conchmtecl at the ATACA Lewis labortitory during
1949-50 to cletermine the reIation betw-eb hthmnmables and
ignition sources. An effort has been made to correlate the
limited data avaiIabIe with the problem of & hazards in air-
craft environments. The results of the survey arepresented
in three parts corresponding to the main sources of ignition
in aimraf t environments; that is, heated surfaces, eIectric
sparks and arcs, and flames or hot gases.

The following ~ariables have been considered in the igni-
tion of fwls or fuel -iapora by the ditlerent ignition sources:

Ekdrfc SWkSundarcs

%%%.%k.swk-kshian
memY --

Mfxture composition
msctro&Spxfng
EI@rode materialand

+%&$&My
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====--l
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Although q mmtit ative agreement among the large quanti- ‘
ties of da~a & the Iiteratw~ is not to be expected because o~
the many diflerent experimental techniques used, it is be-
lieved that comparison of the effects of the diflerent vmiabks
as compikd herein will provide vaIuable information to-ward
reducing aircraft-tire hazards.

I—IGNITION BY HEATED SURFACES

Although the data pertaining to the ignition of inflammable
mixtures by heated surfaces are quite extensive, lit tIe agree-
ment exists in technique, terminology, or results of wrious
investigators. In the following discussions, rm effort has
been made to sUom for diEerent experimental techniques and
to use a system of nomenclature pr~sently acceptable in the
combustion fieId.

TERMINOLOGY
lGNITIO~TEMPERATIJRZS *

The ignition temperature of an inflammable mixture is the
minimum temperature to which the mixture must be raised
m order that the rate of heat loss from the mi..ture is more
than balanced by the rate at which heat is evoIved from the
mixture by exothertic chemical reaction. .4t this tempera-
ture, the reaction becomes self-accelerating and the tempera-
ture increases untiI self-propagating inflammation of the
mixture occurs. A definite lag during which the reaction is
self-accelerating thus exists, the magnitude of which is
determined by the rapidity of acceleration of the reaction
velocity. D&ed ~ tfi manner, the ignition temperature.

of an inflammable is a mixture temperature and does not
neceasariIy correspond to and may be considerably Iower
than the inflammation temperature or mi..ture temperature
at the instantaneous appearance of flame. The ignition
temperature of an inflammable, therefore, cannot be regarded
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as a physical constant, but must depend on the experimental
conditions under which it is determined, Mixture composi-
tion, pressure, and temperature and the presence of cataIysts
or inhibitors, which accelerate or delay the reaction, are
some of the variables affecting the lag before inflammation,
The lowest temperature at which any quantity of inflammable
will ignita is known as t.hc minimum ignition temperature
of the inflammable for the experimental method employod.

Efforts of various investigators to determine the ignition
temperatures of inflammables have resulted in diflere.ntt
methods of attaining the mixture temperature at which
scdf-accelerating reaction begins. Aa a rcsult of these ex-
pwimcntal methods and the dificultics of determining the
defined ignition tempwature, many of the ignition tempera-
tures reported in the literature are the temperatures of
heated elements, which raise the mixture temperature to a
level of self-acccderating reaction. These heated element
tompm-atures are not necessarily the same as the ignition
temperature of the mixture. In general, the temperatures
reported hereinafter arc specifically designated as to tho
tempwat ure actually measured.

The most important methods employed to determine the
ignition temperatures are as follows:

(1) Crucible methods-static and dynamic
(z) Dynamic heated-tubo method
@) Adiabatic-compression method
(4] Bomb method.
In all theso methods, various criterions have been chosen

as indications of. ignition and inflammation. A sudden
rapid pressure rise, an increase in tempcrature, or both, have
bwn used as indications of ignition, whereas the appearance
of flame or explosive sounds have bcon taken to indicate
mixture infkmmm tion.

The crucible methods (static or dynamic, depending on
w’heth[~r the supporting atmosphere in the crucible ia quies-
cent or flowing) appear to be the most popular methods of
determining thr ignition temperatures of liquid inflammables.
Also known as the oildrop methods, the crucible methods
are vmiations of a method described in references 1 and 2.
EssentiaIIy, the method consists in dropping a drop of the
inflammable liquid though an opening into a crucible fitted
into a heated iron or steel block containing either quimcent
or flowing air or oxygen. The crucible temperature and ig-
nition Iag are measured when the droplet lm.rsts into flame.
.4 precise knowIedge of the exact mixturo composition at the
inshmt of ignition is unobtainable. Furthermore, the Iatent
heat of vaporization of the droplet must be supplied by the
system, In these methods, cxperimentaI1y measured igni-
tion temperatures arc the temperatures of the heated crucibIe
surfaces causing ignition,

The dynamic heated-tube method, which attempts to
nullify the eflect .of encIosing surfaces, is described in refer-
ence 3. In this method, the flowing inflamnlabIc vapor and
the supporting atmosphe~e aro separately heated in concen-
tric quartz or pyrex tubes. The inflammable vapor is metered
into the supporting atmosphere in the large tube through a
small orifice in t.hc end of the small tube, In this case, the
experimental~y measured ignition temperature is the mixture

temperature at which inflammation occurs af tcr a measured
time lag. Such a rncthod permits easy variation of tho
inflammable over-all mixture composition.

A description of the adiabatic-compression method of
determining ignition temperatures is given in refercncc 4.
In this method, the inflammable mixture of vapor and air
or vapor and oxygen is suddenly compressed, Ignition
occurs after a lag depending on tho tcmpmature reached by
the compression process, The ignition temperature is com-
puted from the expmimentally measured compression ratio.
This method is advantageous in that the mixture composition
is Imown, accurate ignition-lag measurement arc possible, nnd
the relatively cold walls of thti compression cylinder prccludc
any catalytic influence, Disadvantages of such a rncthod
are the Iarge cooIing 10SSCS,the difficulty of determining the
exact value of the compression cxponen t ~, and the fact
that the experimentally determined ignition twnpcrature
pertains to the compression pressure.

The bomb or heated-chamber method of determining igni-
tion tcmperatmes is described in reference 5. EsscntiaHy,
the method consists in introducing an inflammable mixture
into an evacuated chamber heated to a known tempt.rature.
The experimentally measured ignition tempw-aturc is taken
as the dhamber temperature that causes ignition after a
measured ignition lag. Disadvantages of the method are tho
possible catalytic effects of the chamber surface and the heat
required to increase the mixture tcmpcraturo to tho chamber
temperature. Advanhqp of the method are the knowledge
of the mixture composition aud the ease with which normal-
length ignition Iags can be measured. Very small ignition
lags are difficult to measure bccausc of the time interval re-
quired to admit tho mixture to tho chamber.

The results of all thwo methods arc affected by tho experi-
mental conditions and characteristics of tlm intbmmnbles
investigated. Some of the facto~ significantly aflect.ing the
experimentally determined ignition temperatures of inflan~-
mabIe subst anew are:

(1)
(2)
(3)
(4)
(5)
(6)

cent
(7)
(8)
(9)

Fuel composition
Fuel-air or fu’el-oxygen ratio
Stato of kflallll]lal~le--vapor or liquid
Size of inflammable drop
MMure pressure and tcmpcmt.urc
Relative stagnation of mixture--turbukut or quies-

Tlwma.1 conductivity of mixture
Ignition-1ag period
Surfaco composition and physical clwacter of

element
(10) Surface area of ignition clcmcn t
(11) Surface-volume ratio of ignition chamber
(12) lgnitiomelemcnt tcmpcraturc
(13) Approach to ignition b+mpcraturc-from

temperatures above or below ignition t.cmpcrature
(14) hIethod of iutro&tction of infhmmmblc to

element.
Aa a remdt of the effccte of these variftlh on

ignition

mixhme

ignition

iznition
temperature, the experimentally determined ignition t&q]cr-
ature of an inflammable maybe different in various sources of
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information. Data from the same source, however, show
the trends and the relat ire effects of different variabIes.

LIMITSOF INFLAMMABU.ITY

The limits of inffammabiIity of a mixture, tdso known as
the inflammation or explosive Limits, me those proportions,
genemUy volumetric, of fuel in air or oqgen that are just
capabIe of self-propagation of flame throughout the entire
mkture once int%unmat ion has been hit iated in a portion of
the mixture. These limits we generally determined for up-
ward, continuous Self-propaa%tion of a flame in a wrtical
tube of sufficient diameter such that the wall coohng effects
are negligible. llixtures just below the lower limits or just
above the upper Emits of inflammability may burn around
the ignition source, but are incapable 01 propagating flame
throughout the entire mi.tures. In addition, the mixture
voIume must. be large enough that the flame may sti
propagate even after the energy input required for the initial
inflammation has been dissipated. For any partictdar
inflammable, the Emits of idammability are affected by the
direction of flame propagation, type of test apparatus, the
amount of water vapor present in the mixture, and the
miyture pressure and temperature.

F1ame progress may be assisted or retarded by convection
depending on whether the flame propagation is in an upward,
horizontal, or dowmvmd direction; therefore a statement of
the met hod of observation of the limits of inflammability is
necessary. Generally, wider limits are found for upward than
for downward ffa.me propagat ion at atmospheric pressure and
temperature. Data from reference 6 indicate that the Iower
and upper limits of inflanunabihty of methane in air at
atmospheric conditions, = determined for upviard flame
pmpagat ion, are increased and decreased, respectively,
approximately 10 percent for down-ward flame propagation.
VaIues reported herein are for upward flame propagation
unbs specified otherwise.

The effect of the type of test apparatus and the method
of ignition used in the determination of the in.tlammabilit y
Iimits of Tarious mixtures are minor. The intlammabiIity
range of several mi~tures increased with increasing tube di-
ameter up to a tube diameter of 2 inches, because of the de-
creased cooling effect of the rolls. At atmospheric pressure,
tube diamete~ greater than 2 inches hsve wry Iittle effect
o~l the Limits. In addition, Literature indicatw (reference 7)
that inIlammabiIity Limits are unaffected by the method of
ignition-spark, flame, or fusion of a pIat hum wire.

The lower limit of inflammability of a mi..ture is only
shghtly affected by the amount. of water vapor present in
the normal atmosphere. ‘Water-vapor presence reduces the
upper Emit because of displacement of oxygen by the water
vapor. Because the amount of oxygen is important in an
upper-limit mkture, the amount of inflammable capable of
king ignited decreases with the decreased oxygen content,
resulting in an over-all reduction of the upper inflammability
hmit.

The effect of varying mixture temperature on the down-
ward propagation Iimits of inflammability of several mix-

tures is expressed in figure 1. The upper and Iower limits
of inflammability of the various mi..tures decrease and in- __
crease, respectively, approximately linearly with decreasing
mixture temperatures.

IB
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EXPERIMENTAL RESULTS IN PUBLISHED LITERATURE

Knowkdge of the approximate temperature of heated
surfaces capable of causing ignition is desirable because
ignition of fire in aircraft may bo caused by the exposure of
inflammables to heated surfaces. Published experimental
results for heat&surface ignition indicate3 tho effects of a
numl)er of dMerent variable experimental conditions. &
fm as possible, the results presented here are accompanied
by data specifying t.hc cxpcrimentpl conditions.

EFFECT OF =TURE COMPOSITION

Ignition temperatures, —The reIative effect of mixture
composition on tho surface ignition tcmpc.raturos of quiescent
nnturaI-gas-air mixtures ignited by single electrically heated
nickel strips is shown in figure 2. The nickel strips of varying
widths wem mountid in tho center of a chamber of 4&cubic-
foot mpacity. The surfaca temperatures of the Leatcd strips
wcre measured by pmmcd-in thermocouples. For the vmious
widths of the heated ignition surfaces, the surface ignition
t.rmpwaturo of t.hs mixture increases approximatdy linearly
with inc.rcasing proportions of nrdurtd gas b tho rni~ture
between the Iimits of inflammability. A fmv comparative
mpmimcnts with methane in place of natural gas indicated
thtit them mixtures ignited at approximatdy 300 F great.rr
surface ignition tunporatures than the natural-gas-air mix-
ture,s. Ot.her investigations (reference 5, for emmple.)
indicakd that the ignition temperatures of methane-air and
natural-gas-air mixtures are lower than thoso of figure 2.
This discrepancy is explained in re.fe.rcmco11 by the fact that
tlw tc.mpe.rature of a heated ignition surface is greater than
the t.ruc ignition temperature of the mixture. Although the
ignition tempmat,ures of methane-air and natural-gas-air
mixtures increase with increasing proportions of fuel; thu
ignition temperatures dcc.rease with increasing proportions of
fuel for the higher hydrocarbons of the paraffin series. The

t--t

I I

Nafurul gas 1n gas -air mixture, percent by tdume

FIOURE2+-Effeetofmfxtnreeompodtlononeurfe.eeknltlon tempxwureofvartowqufm-
cent naturef-ga~ir mfxtures. Mfxtnrm fgn!ted by ekctrimfly heatednlokeltips cut
from mme sheet d No. IS B and S ~ mmmerdel nfckel; Iength of strfpq 4X inched.
(Data from rekence 11,)
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FIGURE3.—Effect of ndxtma eompoeftlon on chamber Ignftlon tompemtluce of vnrIous
fuels at n.tmmpherlc presmre as determined by kmb fgnftlon method except cd shown.

chamber ignition temp~.raturrs of miNures of the highm
paraffin hydrocarbons and air decrease with increasing pro-
portions of fud within t.ho rango invcst~@tcd (fig. 3). It
might be e.xpccttxl from figure 3 that the ignition hm~prr-
rdures of mixtures of hydrocarbons and air might again
increase with increasing richnws of the mixtures. A1l.bough
data from rc.fmcnccs 13 to 15 arc erratic, it has bcon con-
cluded by Lb authola that t.lw ignition tcmpcmtures of
individual mixtures of cod gas, bcnzcnc, tohume, muthy]
alcohol, S–1 fuel, and air, which mc approximately const an~
Dver a wide range of fuel-air ratios, do incrcasc evcntudly
with increasing richness of tlm tisturcs.

The ignition temporaturrs of gasolino mistmw, liko tho
ignition temperatures of the higher paraffin hydrocarbons,
dccreaso with increasing proportions of fuel within tlw rango
of data available (figs. 4 and 5). Tho effect of L.hoproprwlions
of fuel, oxygcm, and nitrogm on t.hc ignition tempmalurcs of
gasoline mi~tures as determined by tho dynamic hoati’d-t.ubu ‘-
method is shown in these figures. Similar results arc givrn
in rcfemnce 13. Without cxcopt.ionj various fuels im’rst.i-
3atod singly in an cngirm at two onginc speeds ad with
hot+pot ignition showed sharp increnscs in tho ignition
temperatures of Iean mixtures.

Zones of ignition and nonignition,—Two typos of ignition
may exist for tho same fuel for certain oxygen-fuel ratios:
(1) A low-ternpcraturo ignition practically indcpcndrnt. of
fuel cmccntration or oxygon-fuel ratio; and ~~) a high-
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Fmum 4.—VdatIon of mfxtum IgnItfon tempemtun o+~lfne wtth oxygen-fuel ratio for
constant propoctfmu of fud. Metimdofignkfon, dynamic heated tube; dilnent mmponent,
nft~~ supporting atmosphere Sow, 2WIeubIc cmthnetm p?r mfnute at atmospfwrfc
~ ~d tem~tm. (Data Evm reference 16.)

1100 I I I I I I I
r Sto f chiome frh (qopFoxin7at..) 1

u

FIGUEE&.Vatfon of fim Mfon tempewuN of ~he Wfth W&RM pmpom
0( fuel fm mnstsnt nitro@n*xyKen ratfm. Method of kdtfow dynamfo hinted tu&
supporting atmosphere flow, 233 CUM centimeter per mdnute atafmcspherfcpreesure
nnd temfwam.re. (DeMfromreference16.)

temperature ignition varying markedly with these variabIes.
The two types of ignition for gmdim+o~gen-nitmgen mi.-
turcs are indicated in figures 4 and 5. The ignition temper-
ature of gasoline in air corresponds to the high-temperature

G!xygen-fuefrafiq by mh-ne

(a)Fuel, gssdfne, 46 patent by VUIUUW.

(b) Fnels, Z#+trfmethyhwrkine, 3.6percent by vofumeand natene, 4.3pement by volume.
FMmu 6.—Ignftlou cbmacterfatm M ~ of fue~ o~ and nftmgen. Mahod d
IgnItfon,dymamfc heoted tube; supporting stmmphere flow, 2X! cubk cmtlmeters per
mhmte at atmoephertc premnre and temperature. (Data from reference 16.)

type of ignition. Dynamic crucibIe tests reported “in refer-
ence 17 indicate that readily ignited hydrocarbons, such as
cetatie, hepta.ne, decane, and decahydronaphthalene exhibit
zones of nonignit ion above the miniinm ignition t empcr-
at.ures. Similar results, presented in reference 18, indicate
that mistures of straight-chain paraffins, containing three or
more carbon atoti and air eshibit zones of nonignition.
Osidat ion-resistant hydrocarbons, such as benzene, toIuene,
and 2,2,4-trimethylpentane exhibit no nonignition zone.
Ignition and nonignition zones as determined by the dynamic
heated-tube method are shown in figure 6 for mixtures of
gasohne, normaI octane, and isooctane (2,2,4-trimethylpen-
tane} with oxygen and nitrogen. For a fixed proportion of
inflammable, the minimum mixture ignition temperature is
independent of the oxygen-fueI ratio. The isooctane-cmygen
mi.-.-ture does not exhibit zones of ignition and nonignitionl
but the ignition temperature of the mkture decreases slightly
with increas~~ oxygen-fueI ratios.

—

. .
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fqnith Iaq,sec

FIourrE 7.–Varfatlon of ignition tarnmrnturea of varfous fuelsto atrwith ignition La& Ce-
tam and heptam were !grdted at atmoephwfo premura.

/9nh70n Iu9, sec

FKIORB8.—Varfotlono-fmmpresdon Ignition tern-true of 1.42 pment by volume mfrtnre
of n-heptnne and air with Ignition Iag. Method of @ItIon, adiabatio compresafon; flnel
presmre, 176Pounde @r square inoh abdute. (lleta &om referemn 4.)

The phenomenon of zones of nonignition may bo due to
the occurrence of low-temperature systems capable of cool-
flame initiation. Rcse.arch into the slow combustion of the
biglmr hydrocarbons has shown that slow combustion re-
actions with accompanying incipient luminescence can be
initiated at 300° to 400° F .(referenco 18). The luminescence
increases with incrwwing temperatures until a cool flame
appears. The cool flames move slowly about the reaction
chamber, moving more S1OWIYand becoming more diihse
with increasing temperature until they fimdly disappear
leaving behind products of the incomplete combustion
strongly aIdehydic or peroxidic in character. At still higher

Fmtrwi 9.–VeriatIon of mrfeca ff@tkm temperature of gosollm in tlowfng oxygon with
fgnhkm Iog at atmmpherio prassurw Method of knttkm, dyrramIo a’ucfble; lgrdtlon
eurfam, platfmrm. (Data from reference 20.)

D. 100 Ewo 300 400 5-00 600 700
Ignition tog, SE

FmuEE 10.–Effe& of Ignition lag on chambw Ignitkm temwraturo of avfotiorr gasdlno
injectd fnto quiescent dr, in four d!ffemnt bented atcd wdwxat!onaj at atmc=sphcrk
~e. CDutafrom refaranca 12.)

temperatures, ignition and complete combustion of tho nlix-
ture is possihlc.

EFFE= OFVAIZFINGlCN1!J’IONLAG

Ignition lag of quiescent mixtures.-Thu igni~iou tem-
perature of inflammable mixtwx also depends on tho igni-
tion htg or inductiou pmiod IMLWCOUintroduction of the
mixtum to the ignition source and the first indicnt ion of
Mamrmdion. Tho effect of igniLion lag on Lk surfttco or
chamber ignition temprraturo of various mixtures is ex-
pressed in figures 7 to 10. The ignition tompomturcs 01 tho
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inflammable mixtures decrease almost hyperbolically with
increasing ignition lags. The minimum ignition tempera-
tures of the mixtures occur when the ignition temperature
no longer decreases with increasing time Iag. The effect of
i=tit.ion Iag on the ignition temperature of a mixture of
n-hep tane and air as determined by the adiabatic compres-
sion method is shown in @ure 8. Figure 9 indicates the
effect of ignition lag on the surface ignition temperature of
gasdne in flowing oxygen as determined using the dynamic
crucibIe method. The ignition temperature of gasoline in
flowing oxygen after a 1.5-second Iag is approximately 60S0 F,
whereas the minimum ignition temperature, corresponding
to a Iag of 25 seconds, is approximately 544° F. The in.tlu-
ence of ignition Ia.g on the chamber ignition temperature of
aviation gasoline injected into four diflerent heated steeI
configurations is shown in &ure 10. The minimum ignition
temperature of aviation gasoline as determined from these
data is appro.ximat-eIy 455° F.

Data, from reference 21, which illustrate the effect of
ignition Iag on the ignition temperature of aviation gasoline
ignited by the heated chamber method when the fuel (4.2
percent by -rohune in air) was injected from
vertical steeI cyLinder 12 inches in diameter
in height, are given in the following table:

the top into a
and 12 inches

.

Ignition lag of mixtures ignited by heated spheres and
rods. —Ignition of inflammable mixtures has also been
effected by means of heated spheres shot into the. mixture.
The effect, of the diameter of the heated sphere on the surface
ignition temperatures of three fuel-air mixtures ignited by
heated quartz and plat inure spheres shot into the mixtures at
an average velocity- of 13.1 feet per second is shown in fig-
ure II (a). Qjnition temperatures of the mi~tures decreased
with increasing sphere diameter because of the greater igni-
tion mea. Thr criterion for ignition used in reference 22
is the requirement that the idial rate of heat production by
the reaction should be greater than the heat loss by conduc-
tion. Using this criterion the investigator concludes that the
following is theoretically true for each initial sphere velocity:

(1)

.1
d
Ii
R
To
T,

apparmt. energy of activation of mixture
diameter of sphere
constant characterizing gas mi~ture and sphere materiaI
gas constant
misture temperature
heated sphere temperature
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FIGVES 11.–EE@ of spbre *t& Ong- @ItIon teMpKMtUO of three fuddr
Idxtm-e$ at Stmophericpresm-e, i@dted by hented quartsand DkiiblWl SPMrM Shot

Into ndxture at awmge velocky M ISJ feet per sscmtd. (Da& from rekenee 22.)

The data of figure 11 (a) ha~e been repIotted in figure 11 (b}.
The same reIative effect of velocity on the ignition tem-

peratures of various inflammable mixtures is indicated in
&ure 12. The igdion source is at rest in this case and the
mixture is in motion. The ignition temperature of the flow-
ing mixture is the temperature of a rod situated in the center
of a duct filled with flowing mi~ture and heated sufficiently
to cause ignition of the mixture. The measured veIocity is
the velocity at the center of the duct. Eiih mixture veloci-
ties correspond to short ignition Ia.gs; thus, the ignition
temperature of an inflammable mixture increases with
increasing veIocity of the mixture.

The effect of variation of rod diameter on the iggtion
temperature of the rnkture is expressed in figure 12 (b).
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For flowing mixtures ignited by heated metal rods, the follow-
ing equation (reference 23) may be applied:

$5LT:-TO)l=(?
whre.

B,c Conattults
D heated-rod diameter
E energy of activation of mixture .

(2)

R gas constant
To flowing mixture temperature
T, heated-rod temperature
V vclocity of mixture flowing past hcatwl rod

in cases of ignition of inflammable mixtures by both
heated spheres and heated rods, the ignition eflcwtivcmcss
depends on the temperature of the ignition source, the size
of the ignition source, and the duration of contact of tho
mixture with the ignition source. Factora rela tcd to these
three criterions of ignition effectivenms arc given in equa-
tion (2), whkh pertains to the ignition of flowing gas mixtures
by heated metal rods. A factor that pertains to tho dura-
tion of contact of the mkfmrc with the ignition source is
lacking in equation (1), which involves the ignitiou of
quiescent gas mixtures by heated spheres shot into a mixtmro.
This omission appeala to be due to the author’s criterion of
ignition (reference 22) that recognized heat Iosscs only by
conduction.

Effect of turbulence. —Lheraturc pertaining to the cffcwt
of turbulence on the ignition tcmpmature of inflummnldc
mixtures is not extensive. The availabIc data cant a in no
quantitative measurements of the amount of turlmhmm.
Figure 13, which aIso includes tho data of figure 2, indcatcs
the effect of gentle turbulence excited by a small fan at tho
top of the ignition chamber on the ignition tempcmturcs
of natural-gas-air mixtures. hfild turbuIcncc of a rnixturc
decreases tho mixture ignition tempmahmee. Subsequent
investigation (reference 12), however, hns contmdictcd this
result. When the turbulence is suflkiently great, tlw
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gM-afr mixtures. Mlxturee lgnitod by elwkimlb heatoef nickel Strim cut ~m Mmo .
sheet of No. 18 B and S goge mmmered nickel. Length of strip, 4J4Inches. (’fhtnfrom
referaneo 11.) &
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ignition temperatures are increased. According to figure 14,
gentIe stirring of an aviation~asmhne-air mixture increases
the mixture ignition temperature approximately 30° F.
Similar data have been found concerning the effect of mild
turbulence on the ignition temperatures of stoichiometric
mixtures of methane and oxygen, and hydrogen and oxygen.
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EFFECT OF SUSFACE CON~ITIOS AKm COMPOSITION

Open pIates in air.-Various data are avaikble concerning
the ignition of fuels dropped on heated metaI plates in open
air. Generally, the data indicate that the ignition temper-
ature of an inflammable liquid is much higher when dropped
cm a heated metal plate in air than when dropped into a
heated mehd tube that codines the idammable mixture
to a high-temperature region. A comparison between the
ignition temperatures of various liquid aircraft inflammables
in these two envirommmts is included in table I (a). The
ignition temperatures of various inflammable liquids dropped
on an electrically heated sheet-iron or nickel plate in air are
presentd in tabIe I (b). According to reference 24, the
same results were obtained by vaporizing the Iiquids and
passing the vapor over the heated plates. Data from
reference 25 indicate that the ignition temperatures of
gasohne, gasdne-benzene mixtur=, DiweI fueI, and motor
oil placed on heated iron plates varied from 1325° to
1400° F, but were lowered to 1000° to 1025° F when
copper plates were used. Droplets of lubricating oil at
7500 F fabg into a heated steeI pipe were ignited at approx-
imately 840° F, but Diesel fuel at a temperature of 425° F
under the same conditions did not ignite beIow 1200° F.
The low ignition temperatures of lubricating oils are assumed
to be due to the greater instability of the compIex mokwuke.
Lowering of the ignition temperatures of the intlammabIe
liquids by using copper plates may be due to the greater
thermal conductivity of the copper and ditTerences in the
catalytic activity of the two surfaces.

Various investigates (reference 26) have indicated that
heated surfaces in air, below temperatures of 950° F, do not
present serious fire hazards when sprayed with smaII amounts
of oil. Reference 27 indicates that oil explosions occur only

213637+%21

when oiI ~apor is confined to a high-temperature region: . ..
Drops of oil placed on a pIate heated to 1400° F would not ‘“
ignite, but oil vapor ignited at 750° F. Similar results are-.. ---
presented in reference 26, which indicate that lubricating
oils will not spontrmecmdy ignite when dropped on either
bwe open metal plates or thin asbestos mats heat~d to 950° F.
Light fractions, such as gasoIine, immediately formed a -
ball and gradually distilIed away. Heavier oils also vapor-
ized (probably accompafiied by simultaneous cracking); the
vapors were diluted by air so quickly that no ignition could
occur.

The resuIts of actual tests conducted with a h’apier Lion
reciprocating engine are given in reference 12. Aviation
gasoline vapom confhed within the exhaust pipe and ~xposed
to exhaust-pipe temperatures of 570° F ignited after a lag of
13 seconds. Outside the exhaust pipe, aviation gasoline did
not ignite beIow temperatures of 850° F. Lubricating oil
ignited at eshaust-pipe temperatures of 625° F. This appar-
ent controversy ovw the ignition temperatures of oil or -
gasoline ignited by heated surfaces is due to the fact that
liquid oils or gascd[nes falling on heated meta.I plates in open— .—
air are ideaked e-xperimental conditions that aIIow rapid
diffusion of the inflammable vapors. The higher ignition
temperature for the aviation gasoIine is probably due to the
rapid Iocal cooling of the exhaust pipe in contact with the . .
rapidIy evaporating Iiquid. IIeated metaI pipes, exhaust .
manifolds, or enclosed heated areas of an aircraft engine may
confine the infiwnrnabIe vapors to high-temperature regions
for ignition-lag periods corresponding to low-temperature
ignition.

V@ng surfaoe compositions.-The ignition temperatures
of inflammable mktures ignited by heated surfaces are
affected by the composition and the condition of the igni-
tion surfaces. The effect of the composition of the ignition
surfaces on the surface ignition tempemtures of natural-
gas-air tiures is shown in figure 15. The various steels,
copper, and hlonel metal do not difTer in their ignition
tiectiwness as much as catalytically active platinum difTers
from nickeI. The abnormal effect of molybdenum is prob-
ably associated with the rapid oxidation properties of the
metal. In aII the experiments with molybdenum strips,
dense clouds of oxides were formed. Tungsten, however,
which oxidizes readily at. high temperatures, did not oxidize
tigorousIy untiI raised to temperatures hgher than those
required for surface ignition of ,the natural-gas-air mktures.
The following data, from reference 19, indicate the effect of
the ignition-surface composition on the surface ignition
temperatures of gasoIiie as determined in air by the dynamic “--
crucible method:

maim. -.-......- ...._._-- m
h------------------------- S33
Copwr...----.–-------–-–- m
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I%kwal gas in gos-a)”r m ixt-, prceot by volume

Fmmm 16.—Varktkm of amfaee fgnltkm tempemtum of natmn&&air mixtures With
pereent of naturalgash mixture.Mixtomignltfdby eleetrIcolIy heated meti atrIIxs.
Site of metal stripq 4.!25by 0,E9by 0.04Inchw. (Data from refarenm 11,)

Similar data are contained in tuble 11 concerning the effect
of ignition-surface composition on the ignition temperatures
of liquid fuels dropped into heat.cd containers. In wch cam,
catalytically inactive pyrex surfaces ignited ini%u-nmablc
mixtures at temperatures lower than those. of metal surfaces.
Discrepancies in ignition temperatures for the Wme sub-
stances in table 11 are probably duc to diHerent experimental
techniques. Of the metal ignition surfaces with about the
same degree of catalytic activity, those surfaces having the
highest thermal conduct ivit.ies had the lowest ignition. tem-
peratures. The effect of ignition-surface composition on the
surface ignition temperatures of vmying mixtures of a stand-
ard reference gasoline and benzene in air is indicated in
figure 16. The ignition temperatures of the mixtures, cx-
ccpting approximately 100-pmcent benzene, me 35° to 155° F
greater for platinum mu-faces than for .quart.z surfaces.

In similar experiments, the surfaces of greater catalytic
activity or interstitial character must be hotter to ignite iD-
flammabIe mixtures than surfaces of cataIyt ic inactivity.
Some references ir)dicate that two types of combustion may
bc present in ignition by heated surfaces (1) a flameless, sur-
face combustion, and (2) a gaseous comlmstion indicated by
a flash. Combustion of a drop of liquid falling upon a sur-
face that is not interstitial or porous in character or thut is
catalytically inactive occurs mostly in the gaseous phase with
a minimum of surface combustion occurring, If the surface
is highIy catalytic or intemtitial, however, it m ti.ybe impossi-
IJo for a flash to occur because most of the combustion may
take place on the surface. Apparently, with all factom con-
stant except the composition of the igniting surface, the sur-
face ignition temperature of an inflammable mixture increases
with increasing catalytic activity or interstitial character of
the surface.

Rapid- diffusion frgm the fhtmcless reaction zones mar t~~e””
heated surfaces may cxpIain the fact that higher surface
ignition temperatures are required on cahdyticdly mtivc
surfaces, Such rapid diffusion may diminish t.hc concentra-
tion of fresh gas in the reaction zone below & limits for
flame propagation at the surface temprmturc.
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The mixtures most diflcult to ignite with the catalytically
active platinum strips are the mixtures Luving approximately
stoichhmetric fueI-air ratios. With platinum ignition sur-
faces, the combustion products arc almost completely
oxidized, and the greatest thermal energy of the reaction
occurs with mixtures of approximately stoicb iomet.ric fuel-air
ratios. The thermal energy of the reaction accounts for the
extremeIy high ignition temperatures of near stoic hiomet.ric
mixtures of natural gas and air ignited by heated platinum
surfaces. No effect of surface composition on the ignition
temperatures of the three mixtures ignited by shot-in spheres
of quartz or platinum is apparent in figure 11. Compfu-e[l
tith platinum, quartz is catalytically inactive, The mixture
composition in each case, however, is Icss or greater thtin the
stoichiometric fueI-air ratio for each particular mixture; the
mixtures are probably too fttr from thi stoichiometric fuc]-ah
ratios to bo greatly affected by the composition of the ignition
surface.

Varying surface conditions.-AII t.ho common met.~ls
having high melting points ignite inflammable mixtures +bith
about equal facility except those on the surfaco of which scale
or ash is formed. This scale or ash forming tendency is
especially pccuIiar to iron. A possible explanation is that
scale or ash upon a surface forms an insulating coating, Jvhich
requires the surface to be heated to a much higher twnpcr-
ature for ignition thau would otherwise be necessary. A gas
fiIm or layer on the inaide of a container may act in the same
manner.
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.kccording to reference 29, a stoic.biometric rnkture of
metbtine. and air introduced into a silica cyLinder etched
inside with hydrofluoric acid and maintained in a vacuum for
15 minutes ignited at 1055° F. The same mixture, phced in

the cyLinder foIIowing the evacuation of water vapor or carbon
dioxide vapor, ignited at- 1265” F. The surface ignition
temperature of the mi~ture was increased by the adsorbed
flm of water vapor or carbon dioside vapor.

SFFECT OF VABYING IGNITION SUEFACE ARZA

Heated pIates.—Because the thermal energy required for
ignition of an inflammable rnisture is essentially constant,
increasing the area of heat transfer resdts in a decrease of the
surface temperature required for ignition of an inflammable
mixture. ‘1%.iseffect on a quiescent 7-percent mixture of
nat urd gas in air ignited by electrically heated nickel surfaces
is indicated in figure 17. From figure 17, it is apparent that
a minimum surface ignition temperature exists for the
mixture and th~ minimum ignition temperature cannot be
decreased by indefinitely increasing the arm of the ignition
surface.

Heated wires. -~rery be wires electrically heated to
incandescence may cause inflammation of =pIosive rnkt ures;
but ignition of a methane-air mixture by an eIectricaHy
heated pIatinum or tungsten wire is possible only in a narrow
range of heating currents. Below this current range, flame-
Iess surface combustion occurs; above this range, the wires
fuse without igniting the mixture. According to reference 30,
the ignition of inflammable mistures by heated pIat inure
wires is not due to ionization, but to heat transfer aIone,
because ions do not appear until flame appeam and no ions
are formed during the flameless surface combustion.

Because of heat generated on its surface by flamekss
combustion, an electrica.lIy heated pIatinum wire surrounded
by an inflammable mixture has a higher temperature than
when surrounded by air. The mixture near the wire becomes
heated and convection currents are set up. Ignition of the
mixture occurs only if a portion of the mixture remains in
contact with the heated wire for a period of time greater
than the ignition lag. The convective effect is greatest
with the mixtures having the highest thermal energies; that
is, mixtures having compositions near stoichiometric fuel-

surface Ureq m m
FIGCM 17.–EUeCt of surhce area on surf@ !i@fOn b?mPHUtUR?d @-Ut ~~t

m!xture of natorol @ and afr. ImMon smrf$& eketrfed y haled nfckeL (Data E’om
reference H.)

air ratios (reference 31). Thus stoichiometric mixtures _
are in contact with the heated wires for the shortest periods
of time and consequently have higher ignition temperatures
than mixtures of other composit ions. The ignition tempera- _

tures of the mixtures decrease with increasing diameter of ..
the heated ignition wires, because of the greater ignition area.

In the investigation of flamelws surface combustion j:
reported in reference 32, 0.02 to 0.09 cubic centimeter of
h~xane, cyclohexane, cyclohexene, and benzene were sepa-
rately introduced into an air atmosphere in a 400-cuFLc-
cent imet er cylinder heated to 2210 F that contained a
small electrically heated platinum wire. Heating of the
wire to 572° F resuIted in sudden increases of the wire
temperature for a short period of time prior to inflammation
of the mixtures. According to reference 31, and, heated
tungsten wires exposed to inflammable mixtures We quickly
oxidized and burst into lhmes immediately at high wire
temperatures. The ignition of the mixture is caused by
flames rather than by a heated surface.

Data obtained from reference 33 indicate that the Iimiting
minimum diameters of heated wires capable of igniting
inflammable methane-air mixtures are approximately 0.0079
and 0.0354 inch for platinum and iron Wiresj ~pectively. _.
For wires of lesser diameters than these, it is assumed that
a layer of oxygen molecules forms on the heated wire, and
thermal energy sticient to ignite the mixture cannot be
conducted through the layer. Even in an unburned mkture
of methane and air, a spiral piano wire heated to redness
has been found to oxidize.

Heated particIes.-Lgn.ition of inffamrmdde mixtures by,
smaII heated spheres shot inta the mixture has aIready been
discussed. Friction sparks and fusion sparks both falI into –
the category of smaII heated particIes.

According to reference 34, although naturd~a-air mix-
tures can be ignited by friction sparks, it is improbable that
naturaI gas can be ignited in the field by friction sparks.
Reference 35 indicates that explosive mixtures of gasoline
vapors and air at atmospheric pressure and temperatures of
70° to 120° F wouId not ignite when exposed to sparks pro-
duced by the impact breaking of piano wire, contact of two
pieces of hardened steel, steel in contact with a rotat~hg
emery wheeI, or sparks from red-hot steel. Such sparks
ordinarily lack the thermal energy required to ignite inflam-
malie mixtures. Ordinary whiti friction sparks produced by
grinding steel in air are actually small metal particles, which
oxidize or burn in air after being initially heated by being
torn off in the grinding process. TJMsa sparks will not ignite
petroleum vapors UnIe= the met.aI is held to the wheel for a
long time to preheat the metal and thereby increase the
thermaI energy of the spark. AIIoy steel, in genend, produces
red friction sparka of low temperature, whereas some special
alloys such as are used in cigarette lightem produce bright
white sparlw capable of igniting gasoline. Fusion sparks are
small fused-incandescent part.icIes derived from metals ~n- ____
tatting wires through wiich” current is passing. Because the
ignition temperature of a misture ignited by small heated
particles increases rapidly with decreasing particle diameter,
fusion sparks ordinarily are ve~ feeble ignition sources.
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EFFECT OF VARYING FUEL COMPOSITION

The ignition tcmpmature of an inflammable mixturo varies
with the typo of fuel and the amount of antiknock additivea
in the fuel. This report is primarily concerned with the
effect of gasoline composition on ignition temperatures, but
the effect of hydrocarbon families in addition to those that
appear in gasoline arc also included.

The variation of surface ignition temperature with t,he
number of carbon atoms present per molecule for different
hydrocarbon families is shown in figure 18. Under the same
experimented conditions, tbc ignition temperat urea of n-par-
affin hydrocarbons decrease with a lengthening of th c carbon
chain, with the shortest chain hydrocarbons having the
highest ignition temperatures. Iso-paraffins have higher
ignition temperatures than the wparaffins (&. 18 (a)). TIM
ignition tompcratures of aromatic hydrocarbons are also
higher than those of n-paraffins.

The surfaec ignition tempmatures of various hydrocarbons
are cxprmscd as functions of the boiling temperatures in
figure 19. Although the absoluti value of the ig@ion tem-
perature for the same hydrocarbon differs with the reference,
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rends are simi~ar for the same hydrocarbon families. The
~ffcc t of fuel composition on the surface ignition tempr rat ures
]f mixtures of isooctane and hcptane ignihd in air on a
Jatinurn surfaco by the static crucible method is shown in
igure. 20. In reference 38, it is stated that no exact mlat ion
ndsts between the octane number and the ignition tempww-
mre of a fuel, but figure 20 and tablo 111 indicate that tlm
gnition temperatures of unleaded fuda generally increase
with increasing octane number.
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The ignition temperatures of unleaded fueIs in air are also
generally increased by adcli~ions of tetmethyl lend. TabIe IV
shows the effect of additions of tetraethyl lead on the ig-
nition temperatures of se-reral fuels. A reIation exists be-
tween the cetzme numbers and the surface igdion tempera-
t ures of various fuels, as indicated by figure 21. The cetane
numbers of the fuels were converted from octane numbers,
given in reference 41, by the method given in reference 42.
The ignition temperatures of the various fuels increase with
decreasing fuel quality or cetane number.

EFFECT OF VARYING PEESSUEE

Increased pressure decreases the ignition temperatures of
inflammable mixtures. The effect of pressure OE ‘the ignition
temperatu~ of various hydrocarbons is shown in figures 22
to 24. The chamber ignition temperature of gmoIine in air

~ 1 1 1 I 1 I r t I , , t ,
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as determined by the bomb method without spraying de-
creases from approximately 705° F at a pressure of 2.2 atmos-
pheres to approximately 450° F at 10 atmospheres (fig. 24).

EXPECT OF DILUEXTS

Figures 4 and 5 indicate the effect of nitrogen as a diluent
on the mixture ignition temperatures of inflammable mix-
tures ignited by the dynamic heated-tube method. The
ignition temperatures of the mixtures increase with decreasing
amounts of oxygen. This effect is in general agreement with”
the statement that the ignition temperatures of fuels are
generally Iess in oxygen than in air. In the Iow ignition-

.

—

.—
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em

750 \}

F IGrRX !M.-Verfatfon of ehanrtw fgrdtfon Wmporeture of gosolfne In alr with ah pw.wnre.
Method of @nitIon, bomb. (Data fmm refermw 43.)

temperature range of figures 4 and 5, however, the effect of
inert gases is mgligible. Rcgardlcss of the percentage of
inerb gas in the mixture, tho ignition temperature in the low
ignition-temperature range is approximately constant.

The ignition temperatures and limits of inflammability of
gasoline and lubricating oils are dependent. on the conditions
and methods of experiment; these properties of gasolines and
lubricating oils as obtained by diffwvnt investigators are in-
eluded in tables V ancl VI.

II--IGNITION BY ELECTRIC SPARKS AND ARCS

A study of ignition of inflammable mixtures by electric
sparks and arcs involves an understanding of tho riomencla-
ture of spark-ignition systems. Definitions of terms en-
countmed in the contemporary literature, which pertain to
electric spark and arc iggtion, are presented in the following
paragraphs.

TERMINOLOGY

CAPACITANCE SPARKS

Capacitance sparks are produced by the. discharge of
charged condensms. According to reference 44, capacitance

sparks a& usualIy bright, may bc of shout duration, and
exhibit a spcwtrum that corresponds to the spvct.rurn of [ho
gas mixture in which tho spark occurs. Tlw current. in a
capacitance spark may be very lalge; howover, t.hc tottil
energy transferred in the spark may be small brcn,usc of lhc
short duration of the spmk. The total emugy of a cnprlci-
tance spark, wxpresscd as the energy requird in a circuit- to
produce the spark, is

where
C capacitance of dischnrgcd condonsc.r, fronds
1? energy dissipated in spark, joules
VI &Yt.inction potential remaining aft,er spark has bcrn dis.

sipated bccausc of wmdwning of field nnd dcplrtion of
iofi, volts

I,”Zcircuit potential immediately prior to spark, voIts

GeneralIy, the extinction potrntitil I”, is so small thtil it. can
bc disregarded. If 1’2 is very srnnII, however, l‘1 mny be
important. Considerable energy 10SSCSmay occur in the
electric circuits through skin effects in the condenwr platcs
and conductms especially if solid didcct.rics arc used. For
this rm.son, it has l.wcn recomrncndcxl that tiir condmmm
be used in electric circuits to dokmnino t-he minimum spark-
ignit.ion energies of incendiary capacitance spfi rlw.

INDUCTANCE SPARKS

Also known as low-tension sparks, inductance sparks arc
often obtaimxl by breaking a wire in nn inductive cIectric
circuit or from m~~netas or ignition coils. Thmo sparks rirc
generaIIy not as bright in appearance as capacitance spm-ks
and exhibit a spectrum corresponding to the spectrum of tlw
vapor of the metal electrodes. The duration of inductance
sparks can be relatively long compared with the duration of
capacit anm sparks; the total elect tic energy transferred in
such sparks may therefore be Iarge. Like the capacitance
spark, the energy dissipated in rm inductance spark is dfi-
cult to measure, but can be expressed as,

ill energy dissipated in spark, joules
i current in circuit prior to spark, amperes

L inductance of cIectric circuit, henrys
According to reference 44, the total energy dissipated in

1 Liz. If the spark isthe spark may bc less or greater thtin ~

extinguiahod before the available elect.romagnetic enwgy is
dissipated, the totaI energy dissiprttcd in the spark will be

Iess than ~ ~i?, The totaI energy dissipntcd in the spnrk

may be greater than ~ Liz if the potential across the brink

is enough to maintain the spark.
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FGSIOX SPARKS

Fusion sparks are small incandescent particles and are
treated in the section IGNITION BY EfEATEDSUEFACES.

MIMXLUMSPAEtK-lGN_ITIONZNZIfCY

The minimum spark-ignition energy of an inflammable
mixture is the total eIectric energy stored in an electric cir-
cuit at the initiation of the weakest spark just capable of
ignition oft he mi~ture. Essentially, this energy is the energy
transmitted to the gas between the electrodes as heat and
ionization.

QIJE?iCHIIfG DLSTANCZ

The quem+iig distance of my electrode configuration is
the minimum elect rode spacing beIow which the reaction
initiated in a hylrocarbcm-air mixture by an incendiary
spark is quenched.

The amount of energy in any of the different type sparks

FIGMU26.-IMI+X cdmlxtnrrmmpmltfon onminhmm smrHsnItEon euemyand queuching
dhtance of methamdr MIItmen at temperature of iP F and pressure of J5 atmasphera
(Data from referents 45.)

is dificult to measure emctIy”.” Xlost of the results are there-
fore reported as the energy required in an electric circuit
capabIe of producing an incendiary spark. This report is
concerned with the minimum spark-ignition energy required “--
to ignite a gasoIine-air mi~ture and the minimum eIectrode
spacing beIow vrhich the reaction initiated in a gasoline-air
mixture by an incendiary spark is quenched. These data
are not extensive in the Literature; however, knowledge per-
taining to the spark ignition of the Iighter hydrocarbons is
quite extmsi~-e, and many of these reedts are incIuded herein. -

The spark-ignition process has been defined as an ioniza-
tion process, a thermal process, or a combination of the two
processes. Regardless of the definition of the type of process,
the minimum spark-ignition ene~ of a-n.inflammable mix____ ““
ture depends on rnkture composition, pressure, temperature,
~eIocity, spark duration, and eIectrode size, material, spac-
ing, and configuration. Ignition Iag, when appIied to spark
@ition, is approximately zero, because of the l@h terupera-
ture of the spark.

-.

I I I I I I I I 1
Sphere size Elecirods spacing

Fuel (m.] ~tn.1
o Benzene . ye 0.05
g Benzene H .05

[4 –
o No+ural goS .05
u No fural gas 2 Jo

“2 4 f2
Vop or in vopor-air= m ix +ure ,&percenf gy volume

FIIXBE m.—EKwt of mkttm mmpositfon on mhdmnn! spork-I@fon tnargyaf hmuem-dr
and natural-gas-ah mfrtums at room tsmpemttumwl pmssum of I stmosplwre. Sphdcd “-–
stdnks+teel ektmdc mndgmnthns. (Data from reference +6.)
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EXPERIMENTAL RESULTS IN PUBLISHED LITERATURE

The ignition of fires in aircraft. by electric sparks and arcs
depends generally on the energy available in the spark.
Whether the spark-ignition energy is capab~e of ignition de-
pends on various experimented conditions. The manner in
which results arc presented here is similar to the manner in
which heated-surface ignition results were presented; that is,
the results are accompanied by data specifying the experi-
mental conditions.

.CAPACITANCE SPARKS

Effect of mixture composition.-The effect of mixture
composition on the minimum spark-ignition energy of several
different quiescent mixtures ignited by sparks from different
electrode codgurations is shown in @ures 25 and 26. The
curve of minimum spark-ignition erwgy, plotted against
mixture composition for a methane-air mixture at a temper-
ature of 77° F and a pressure of J4atmosphere (fig. 25), passes
through a minimum of approximately 1.7 millijoules at
approximately 8.4 percent by volume of methane in air,
when }f~inch st ainIeas-steeI electrodes embedded in 1-inch
glass diska are used. Similar values for other mixtures are
given in the following table for an approximate temperature
of 77° F and pressure of 1 atmosphere, Stainless-steel elec-
trodes were used except for methane, which was investigated
by using stainless-steel electrodes embedded in l-inch glass
disks.

I , 1 I I 1“1 1

~z~=- W%Iw7~.!!E%&Y&kii.”:::Z .1!’! 0.7 47

For each of these inflammable mixtures, well defied upper
and lower limits of inflammability exist.

The data given in the folIowing tabIe (reference 48) indi-
cate that tho minimum spark-ignition energies of cliffercnt
quiescent hydrocarbon-air mixtures at 77° F and pressure
of 1 atmosphere ignited by capacitance sparks from the
same electrode configuration do not ditler greatly:

Percent of
Inflammable fud hi ful?l-

afr mixture
by VOhlIIM

Methane... _... -... _....__+
Etbane_.-. _... ___________
Probe . .._. -.-.. .__...__
*Rum8...- .--... -..-. -—_&
n-Hexane_ . . . . . . . . ..-_. -----
n-Eeptane... . . . . . . . ..-—-—--
Cyelo ro~ne . . . . ..-.. -------
CydoLane.... . . . . . . . . . ..__.
Benzene . .._ . . . . . . . . ..__. ___
DletfIyI ether . . . .._.. .-.__.. - 1“”””

Least

?eW
joufm)

0:~

::
.24
.26
.la

:E
. Ie

Tho effect of mixture composition on the minimum spark-
iguition muwgies of flowing propane-air mixture9 at a pressuro
of 3 inches of mercury absolute is indicated in figure 27. The
general shapes of the curves, for tho three mixture velocities
plottcd, are much the same as the shapes of curves for various
quiescent mixtures.

COMMI’ITEE FOR AERONAUTICS
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PIOOP.I27.-EfTect of rnfxturecompas[tion and velodty on minfronrn spark.ignItlOn OeUW!Y
“offfowfng ‘~pnne~ mfxtores at tampwaturw of.@ F and presmra of S fnehoe marcury
ebbeolute. EIeetrode qmcfng, 026 inch; apodtan-park duration, W to W mlcroseaorti,
(Date from m&ence 49.)

Wed of eleotxode spacing. —The effect of varying clectrodo
spacings of clifferont electrode configurate ions on the minimum
3park-~ition onergiea of various inflammalh mixtures is
]hown in figure 28. A critical dcctrodo spacing mists for
?ach elcctrode configuration. Tile minimum spnrk-ignition
mergy required to ignite a mixture is approximatdy constrtn~
~or electrode spacings greater than the critical spacing.
Sreat.ly increased electrode spacings or spacings less than the
:ritical spacing inc.reasc the required miuirnum spark-ignition
mergy of a mixture, According to reference 45, tho criticaI
Jectrode spacing represents t.ho spacing below which tho
:homicd reaction initiated by the initi~l inflammation is
~uenched by the. cooling effec~ of the sptirk electrodes and is
malogous to Lho diameter of tho largest tubo through which
lame wiII not propagate. The minimum spark-ignition cn-
wgies of a stoic.biometric mixture of naturaI gas and air arc
~pproximately 0.45 millijoules for eIectrodc spacin~ grraf (’r
ban the critical spacing or quenching distance of approxi-
natdy 0.08 inch for two elect.redo configurate ions. When the
Jcctrode spacing is decrcascd to less thm the quenching dis-
xmcc, the minimum spark-ignition energy increases gradlu+li y
f rounded cloctrodca are used and abruptly if rounded elcc-
rodcs embe.ddcd in glass are used. The abrupt chungo in tho
xt.se of the disk electrode configuration may bo duo to i.hc
arge cooIing area of the glass disks, The quenching distunco
)f one electrode configuration varies with composition of a
netha.no-air mixture at a temporaturc of 77° 1?and a prcssuro
)f M atmosphere, as indicated in figure 25. A quenching
iistance of approxhnatdy 0,089 inch e.xiste for a glass-disk
:lectrode configuration igniting a 9 pmwcn t (by volunm) mix-
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ture of methane and air at a temperature of 77° F and
atmospheric pressure (reference 50).

Under the same atmospheric conditions, &ich sphericaI
stainle-teel electrodes and ~e-inch hemispherical brass
electrodes have exhibited quenching distances of appro.xi-
mateIy 0.053 inch in the spark ignition of approxiruateIy
8.5 percent by volume mi-xtures of natural gas and air and

,Eledrode sp&thg in.
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methane and air, respectively (fig. 28 (b) and 28 (c)).
Quenching distances increase with increasing ektrode size
and thermal conductivity of the ekctrode materis+f, owing to
the increased coding effect. Increasing the electrode size and
electrode spacing for the amne inflammable mi..t ure increases __
the minimum spark-ignition energy required to ignite the
mixture, because of the larger cooling area. For the same —-
reason, the inflammability mnge is sma~er ~hon determined
with large electrodes than with small ones (fig. 26).

~ect of electrode mateti and configuration.-~hh
the except ion of the relative effect of varying the thermal
conductivity of the electrodes, varying the electrode material .
hM no significant effect on the ignition of inflammable ._
mixtures by capacit ante sparks. Ignition of gaseaus mix- ~ .
tures by sparhw from platinum, nickel, zinc, aluminum, lead,
brass, and steel electrodes was unaffected by changes in
the electrode material (references 44 and 51). Ignition of _
the mixture was affected by the changes in electrode
con@urat ion.

Effect of spark potential. -Generally, Lhe m“timum spark- “---
ignition energy of an inflammable mixture is practically in-
dependent of the spark potentiaI of capacitance sparks. The
same spark-ignition energy, regardless of the potent iaI and
capacitance changes in the circuit, i@es mixtures of ihe ‘–
same composition. Some references indicate that the mfi- _.
mw spark-~tion energy required to ignite an inflammable _

mixture decreases with increasing spark potential. These
data are insignificant in accordance with the results reported
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in ref ercnce 50. When the sparking potential of capacitance
spar?cswas varied from 1.6 to 5.8 kilovolts the minimum spark-
ignition energies required to ignite methane-air mixtures was
rclativcly unaffected by potential vari~t ions. kfost of the
references agree that, it is the electrode configurations and
electrode spacings that determine the minimum spark-
ignit.ion enwgies of capa.vit.anm sparks capable of igniting
inflammable mixtures.

Effect of mixture velocity and spark duration,— According
to reference 49, the minimum spark-ignition energy required
to ignite flowing propane-air mixtures at 10-wpresmrcs in-
creases approximately linmrly with mixture velocity. Tlkis
phenomenon is graphirally shown in figure 29 for a 5.2 per-
cent by volume mistlurc of propane in air at pressures of 2, 3,
aud 4 inches of mercury absolute. The relatively high
ignition energies are. due to the. very low mixture pressures.

lfinimum spmk-ignit.ion mergies of flowing propane-air
mist.ures inc.reasc with sptuli duration as shown in figure 30.
T]] e relation is not linear, being approximately of the form

E=Kt” (5)
Whelm
E minitnum spqrk-ignition energy
K constant
n constant <1
t spark duration
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fbxrhg 8.3wrmrtt by volume mfrtura of promme In ah at tcmpiwshrs CJSCPF. Rfcctmde
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Electrostatic sparks,—lllcchwstatic sparks me a special
type of capacitance spark. Electrostatic charges capablo of
spark production can be accumulated by friction, impact,
pressure, chavage, induction, successive contact and scpaJ’a-
tion of unl ikc surfaces, one of wfirh is gcmrally an insulator,
and transfcrcuce of inflammable fluids and gases from mm
container to another. Air temperatures appmr to have no
significant ofhcts on the charges accumuhd cd, but increasing
humidity tends to pre.vent accumulation of higlk potcntitd
ekctrostatic charges. The potent ial of electrostatic rhargcs
accumulated by liquids flowing in tubes decreases with
decreasing liquid pressures.

INDUCTANCE SPARKS

EiTect of mixture composition.-The cffcwt of mixturo
composition on tie minimum spark-ignition energies of in-
ductance sparks is indic.atwl in figure 3 I for two hydromrhon-
air mktures. Bccausc the electric circuit induchmcc is
diflicult to measure, the results am wcpressed as th minimum
ignition current with a constan~ clcctrodc spacing. The
eflect of mixture composition is approximately the skkmc for
inductance. sparks as for capacitance spmlss. Well-dcfkned
limits of inflammability exist with both types of igni~.ing
spark. Approximately 0.59 ampere primary current in tho
inductive circuit produces q spark capable of igniting an
8.3 percent by volume mkturc of methtinc in air. An ignition
current of approximately 0,475 ampc.rc in the same clect,ric
&rcuit will produce an inductive spark cnpablc of igniting a
4.2 percent by volume mixture of n-butane in air. Tlmw
data were obtained at atmospheric pressure and temperature.
According to availabIe data, tho ranges of inflammability
determined for capacitance sparks arc slightly greater than
those determined for inductance spark ignition.

Effect of electrode spacing, —Because of ~hc mnnner in
which inductance sparks often occur, few data urc wraihddo
that indicate the effect of electrode spacing on the ignition of
inflammablemixh.rcs. Thevariationof sparing of inducttuwc-
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! [ E~ectrode configuration

~Glass caaiinq

Fo;t-Ex 31.—FM* oJ mfsture compmftfon on mfnfmum fgmitfoncurrmts of prfnrmy ehmdts
prwfuehw tndnctmco smwk<mmbfe of fgnltfng methtme+dr and n-butane+lr mfxtures at
atmospheric ~ and temperature. Efeetmde *w, o.c@4 fnch. (Data from
releren~ 52)

spark elect rode configurate ions with rnkt ure composi-
tion is indicated in figure 32 as being similar to the variation
with capacitance-spark electrode configurations. .%minimum
electrode spacing of approximately 0.043 inch is indicated for
an 8.5 percent by volume mixture of methane in air ignited by
inductance sparks from the particular electrode configuration.

Effect of eIectrode materiaI,-Wdilie the eflect of electrode
materiai on capacitance-spark ignition, the minimum sparli-
ignition energies of inflammab~e mi.tures ignited by in-
ductance sparks are affected by material ch~aes in the &c-
trode configuration. Etharu+air and carbon-monoxide-air
mixtures were ignited at atmospheric temperature and
pressure using electrodes of platinum, nickel, copper, alu-
minum, and iron (referenre 54). Decreas&m density of the
+ct rode material generally increased the ignit ibilit3- of the
inflammable mitiures. The least amount-of en- diiipated
in an inductive spark capable of igniting an inflammable
rni~ture occurs with spark electrodes of the Iightest metaI.

—

FIGUM 32-E fteet of mfxtnre compodtion on mhdmnm _ d ekctrode eunUgursHon
produefng inductance swrks capabIe of fgnittng methane.a& m[xttues af atnmsphedc
m_esmro and temwaum. Efeetmde codgunttfom O.WMnch-dfameter platfntim ~.k
and.sfmrpIy pofnted ptsthmm cane; prfrnary cfrmit enment, 1.0 unpeee. (Data Crom
rekenee 63-)

ERect of circuit inductance and potential .-’l%e energy
required for ignition of an inflammab~e mi..ture by induct ante
sparks depends on the induct ante, the current, and the
potential in the electric circuit prior to the spark. The
amount. of energy required to ignite the mkt ure is subst an- ...=
t iaII-j- constant, but Iarger amounts of energy may ‘be in-
dicated if a Iarge portion of the measured energy is di&pat ed
in the inductance coil as core losses. The follow~~ data from .——
reference 55 indicate the effect induct ante and current h an. ___
electric circuit have on the measured minimum spark-
ignition energy required to ignite a mixture of coal gas and
air at atmospheric pressure and tempmat ure.

Ir

>-nmbw
*pXk-fgni- ‘ - ““

,. , ,.
Offayem In Ckmft Cfrmft
frldu&nce- Careofmll fnductsnee -nt

(henrys) (amperes) (%IR%$
W- I

14
14
14 r~gzz:zm:““—

[uctance sparks from electric circuits of low potential
require more measured spark-ignition energy to ignite the ..——
same inflammable mkt ure than inductti.nce sparks from
eimiir electric circuits of higher potential, as indicated by
the following data from reference 56 for inductance+park ‘–
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ignition of an 8.5 pmcent by volumo mixture of metlume in
air at atmospheric temperature and pressure.

areuit Chuit cIreuit
Ourrmt ;%%k

(v%%%) %’:%
“mDwes) (m!i?$%e)

o.oz144 0.77
d .oz144 !%

.012 <p &30
d .012 .96

The amount of energy dissipated in an inductance spark
consists of two parts: the energy stored in the electric circuit
prior to the spark and the continued supply of energy from
the circuit potential. The. amount of energy stored in the
electric circuit prior to the inductance spark is the only
spark-ignition energy measured. The spark-ignition energy
supplied by the eIcctric circuit potential to an inductance
spark increases with increasing circuit potential. Thus,
inductance sparks from electric circuits of Iow potential
require greatm measured amounts of spark-ignition energy

~fiz than sparks from circuits of high potential to ignite

similar inflammable mixtures.
IWeot of type of aurrent in eirouitt-The typo of current

in the electric circuit, alternating or direct, has no significant
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FIGURE S3.-Etlect of mtxture mmposltlon on rnhfmum fgnftion prwurea of methanwdr
ml%tureeat tompwatmw of 78”to8P F. Mtitho5 ofi@tfon, bomb; eleetrode mnflgnmtlon,
apwk.plug; eIeetrode spndng, 0.110bmh; capadmme~k fgxdtkmenergy, 6340mffluordeq
volume of bomb, 7tWabic-eentImetere. (Data from refe?mm dS.)

effect on the ignition ability of inductance sparks. IVo
ditTerencc in the ignition ability of alternating or direct-
currcn t inductance sparks has been found by the invest i-
gators of referenco 57, who ignited fire-damp--air mhtures
at atmospheric pressure and temperature. The following
data from reference 56 indicate the negligible effect of current
type on the incendiarism of inductance sparks igniti~g an
8.5-percmt (by volume) methane-air mixture at atmospheric
conditions:

) I I

I Current
Type of current

w%?
W&nLU#nt I

1 I

EPFECT OF GAS PQESSURES AND TEMPEEATUBS9

The effects of temperature and pressure are the same for
both capacitance and inductance sparks; the following dis-
cussion therefore applies to alI sparks.

Varying pressure. —The ignition of inflammable mixtures
is significant tly affected by varying mixture pressures and
temperatures. The inflammability range of, different mix-
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.—— . .. e-

—
- -Lz

I

..-. . .— . .—.-—

4
-..

\
,

. . . . . ..—.
/

— ““””‘–’ -“”’4-
-..

“ . 7 !3 IIJ 3

n-Bu?ane in n-butane - air mix fur e, percmvt by volume

Fmurm S4.-EfMt of mixture composlt[on on mlnlmum [gnftion prceeured of n-butano-alr
mLSmwe at tempmtm’m of W to S4°F. Method of tgnltfon, Lwmb electrodo emdlgur.
atfon, spark-plw electrode epdng, 0,110 fnc~ eapooltams-spnrkfgn[tion energy, W
dfijoules; volume of bomb, 71JMubfe.aWimetere. (Data from refereneo E&)
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Fttil in fu#-air rnitiq percent &y vabme

(a)FueL natural sw data from referenm 50.
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Gaso[ff15m qasdti -h mfxtu~ pere&nt by vAme -

t ures is reduced by decreasing mixture temperatures and
pressures. This effect of mixture pressure on the limits of
inflammability of several infhunrnable mixtures is shown in
figures 33 to 35. The minimum ignition pressure or the
minimum mi~ture pressure of methane below which ignition

is no longer possible, existB at mixture compositions less
than stoichiometric; reference 58 indicates that the same ‘-
rehttion is true for hydrogen. The minimum ignition prm-
sures of heavier hydrocarbons, such as propane and n--butane, “-’
occur at mixture compositions greater than stoichiometric.
These phenomena may be due to the diffusivity of air being
less than the tiusivities of methane or hydrogen, but greater
than those of propane or n-butane. The minimum ignition
pressures do not vary greatIy for hydrocarbons in the ruge
01 moIecular -weights given in the following table taken from
reference 58 which gives the minimum ignition pressures of
hydrocarbon-~ir mmtures as determined in a 750-cubio-
centimeter metaI bomb (mixture temperature, 75° to 85° F;
electrode spacing, 0.110 inch; capacitance-spark ignition
energy, 8640 millijoules).

I Hydracarban I;-A(mm & ma.)

t
,

i

1
E;j;:k:::&:::r= ~:——. —
Bntim-2_...-.----—-––-—— !lQO
n-Butane ond iso.butane ---------- 29.0
B-me. -- . . . ..-.. -. . . .._.-__ =0
Z4.Dimethyl-lJ-pentadIene. .-.-.-–
n-Nwe.- _- . . ..--—--—-——— %;

1 1

Various investigators have found higher minimum ignition
pressures for diHerent hydrocarbons, as indicated in figure
35 (a), for natural gas. DitTerences in results are due to
&fTerent experimen~I teckmiques. Little data expressing
the effect of varying tixture presures and temperatures on
the incendiary properties of gasolim+air mi..ture9 are avail-
able.

According to reference 60, the minimum ignition pressure
of various gasoline-air mi..tures ignited in nssels of 0.4z&
1.09, and 125.0 cubic-foot capacity by sptirks or hot pIatinum
wires is 33 millimeters of mercury absolute at ordinary
ambient temperatures. Close agreement with these results
is evident in figure 35 (b). The minimum ignition pressure of-
mixtures of 100-ootane gasoline and air ignited by four
different methods at atmospheric temperatures is 35 milli-

—.

.-

.— -

—.

w“ .-.

FIuuaE M.—EfWtofmfxtum~ofSd to C!.5Nc+mt bymhmemfxtoreof methnneand -
eJre.ttempemtmw ofi7Fonquenabtng Wtaneedoue eketmdemn6guratfom CDat8
from refemnm 60.)
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met ers of mercury absolute for a 1.75 percent by volume
mixture of gasoline in air. The lower and upper Iimits of
inflammability of 100-octane gasoline and air mixtures are
relativcdy unaffected by mixture pressure changes above 60
and 300 millimeters of mercury absolute, respect.ively.

Efecfm& spacinq, in.

(a) n-Butonq 8.5 pereent by volume,

(b) 2,2,4-Trtm@hylperrtane, 2.5 pwcerrt by volume.

FIGL,IIE37.-Efl@ of electrode e.p+.etogon minimum fgoltion preswre.s of two fuel-afr mls.
tumattenrpemtured of W to i~ F. lgnitIon by spark-plu@eefmxle en@uratIon In
2-inch hfde-diameter by 3J$.Inch glass reector. (Data from reference W.)

The effect of pressure on the quenching distunces or elec-
trode spacings of various electrodo configurations producing
incendiary sparks is shown in figures 36 and 37. For constant
spark-ignition energies, the quenching dishmcos, or electrode
sp~eings, of incendiary-spark-producing electrode configura-
tions increase wit h decreasing inflttnunahle mixture prcesurcs,
This pll~~ome~on,is explained by assuming that a constmt.
spark-igni tion energy mm initially ignite a constant mass of
inflamm~blc mixture. Thus, with decreasing mkture pres-
sure, ignition of a largm volume of inffammalde mist urc
occurs, gnd thr electrode spacing must be increased to
accommodate thr incwmsed mixture volume.

Vmiation of minimum spark-ignition enwgy with mixture
pressure”-k expressed in fi=gures 38 to 40. For constant
eIcctrode ,spacing,. the! minimum spark-ignition rncrgy Of a
mixture ‘“hcrcases with decreasing mixture pressure. The
minimum spark-ignition mmgics of inflammable mixt urcs
increase Mlpidly near the minimum ignition pressures of the
mixtures (fig. 40).

Varyirig temperature.-—Varying the tempcmture of ir]tlam-
mabIe mi.t ures from —500 to 300° F has a small effect on the
minimum-ignition pressure9 of the mhdmrcs when ignition is
initiated by ligh-enmgy capacitance sparks, As indieaiwl
in figuro~41, the minimum ignition pressures of n-buhmc-rtir
and isooctane-air mixtures decrease linearly with incrertsing
mixture temperatures when igni t ion is effeckd by capacit ante
sparks having spark-ignition energies from 720 t,o 8640
millijoules. The minimum ignition pressures of n-lmtw-te-air
and isooctane-air mixtures are approximately the same
regardless of the spark-ignition en crgics at mixture t,cmprr-
atures of. 300° F..._

V : ,
\ ‘g $J,I?+K.k

54 - \ ‘i’-Stainless steel Fl
\ 1

,= .- \

.$& - .
2 —

“+% Ioo’m .3x) 400 ;0mi’wm”ao
Mixtwe ~essure, mm Hg a.bs.

FIGm 38.–EtIee4 of prowre of S.5 to 9A percent hy volume mixture of methane and air at
temperature of 77° F on ndnlmuro sperk-IgnltIon energy for one eleetrode ccdgurstion.
[Date. from referenee Ml.)
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Ftt;uRx~.—M*um~k-khfon energy of gfas4mwed efegtmde wntipwatiom an fonetloru of decbxde SWC41Mmd PP?$??B of %5 paroent by volume mfxtura ofmetfumeand atr .s: tem-
pmature of W F. (Data from refererm 50.)
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g5 o n-Bufune 35

u Butadi~e 45‘1
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ARitnum ~n i+ion p=%eu-,mmtn Hga4&.
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FIOUM iO.-EtTed of mixture pmsores m rnidrnnm spnrk-fgrdtlmenmgy ci one eketrode
cor@uratiOn. EIec+rode 9padrlc, 0.110fnclxW=fmm+w k Tdtu?, COOVOW. AU
mfxtnrea atfghtly richerthan stoicbbmneti. tD8ta fim RkEm?e m.)

(a)ZW-T*thylwn-e In*, 2.6m-centby VOIUUW.

(b) s-Butane In air, 3.S wo?nt by VOtUme.

.-

—

FMmix 41.-Effect of rnlsture temperature on mhbnmn aprwk-fgrdtion WI!MUIWd %%4-

Mmethykwntane and ntwlanr-atr mktnrea Methwl M fgnItfow txmdx alectde *
uAfo% sLmrkQbX; deetroW wncfu, O.110indu WJIUUMof bomb, 7tU.cnbi~tfmeW.
CData from reference 5S.)
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(a) Mfnlmnm epark-igrdt!on energy.
(b) Quonchlr@dktsr.roo.

Fmwm42.-Effeetofd!lrsntgas @Mftfonon mfnfrmurr spark-fsrdtion energy and quencblng
dlate.nce of rrretban~xygen-dflnen%e mfstured at tempaatum of 7~ F and pressure of 1
atmosphere. (DdII titu refereneeKI.) . .

EFFECT OF DILUENTS

The presence of diluent gases in an intlammalde mi..twre
exerts a significant influence on its electric spark ignition.
Like heated surface ignition, the spark-ignition energy re-
quired ta ignite iMammable mixtures containing large per-
centages of diluents depends on the absorptive and conductive
powers of the dduents and the proportion of inflammable
gas to oxygen. Figuro 42 indicates the effect of diIuents on
the minimum spark-ignition energies and quenching dis-
tances of methane+xygen-diIuent-gas mixtures. In figures
42 (a) and 42 (b), the relative effect of the diluent gases is
the same. With the exception of the methane-o~gen-argon
mixtures, the minimum ignition energies and quenching
distance9 increase with increasing diffusivity of the oxygen-

80c7

m

,“
.

—

t

flmf Dil~ f 00S

I

FIormx 43.-Effeet of dilnent+aa addftfon on mfnfmnm fgnftfon prossura of #bLmtarr@-
osww+kmn- mfxtn M@Umdof Wtlon, bomb ek+rmfo emchw, IJJ10 ~cM
cnrmcftaneo-spruk fgnitton onorgy, Solo mUIflordS vohxmeof metsl bomb, 7dIlcnblc osntf-
meters; mfxtrrre’temrwmture, 74°40 W F. (Dats from refemneo M.)

-,.

Fmumr 44.-Llmfts of Im%.mmablIfty of grwdlno vspor fn varfeus afr-dUuent-gtu atmos.
pberes. AutmnobWoxherMW cmnpaltlom rdtrcgoq S5 poreont by volume; carbon
dkmfde, 16 percent by voIume. OsxoIInes t@tod: 7S, W and IW octune. Irrftnmmnh!a
area covers entire aw?afndde Meet curve. (Dela from reference 61.)

diluent-gas mixtures. This mixture diffusivity is expressed
by

k
c4=-- (6)

pep
where ,.
cP mixture specific heat
k mixture thermal conductivity
a mixture thermal diffusitity
p mixture density
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The minimum ignition pressures of Inixtures of n-butane
and oxygen, with argon, nitrogen, carbon dioxide, and hefium
as diluents are shown in figure 43. For alI the inflammable
mixtures containing dduents, the mixtures most and Ieast
ignitibIe are those containing argon and carbon dio.tide,
respectively. The effect of several dihents on the limits of
infla.mmabiIit y of individual tixtures of 73-, 9!2-, and
100-octane gasoline and air is shown to be ident icaI in figure 44.
The lower limit of inflammability of the mixture is rdatively
unaffected, whereas the upper Iimit decreases approximately
linearly with increasing amounts of diIuents such as carbon
dioxide, automobile exhaust gas, and nitrogen. Mixtures of
100-octane gasoline and air are rendered noninflammable by
the addition of approximately 28.7, 36.0, and 42.5 percent-by
vohnne of carbon dioxide, automobile exhaust gas, or nitrogen,
respectively. Halogenated hydrocarbons are more effective
than any of these dihents in rendering gasoline-air mixtures
nonintlammabIe.

III-IGNITION BY FLAhlES OE HOT GASES

Data pertaining to the ignition of inflammable mixtures
by flames or hot gases are not extensive. kIuch of the
a-miIabIe data pertain to the ignition of gas-air mktures
containing methane as the chief inflammable constituent.
Whether the irdlammabIe mixtures will or wilI not be ignited
by flames or hot gases depends on mi-ture composition,
duration of contact of the mixture with the ignition source,
temperature of the ignition source, and size of the ignition
source, in much the same manner as ignition by heated
surfaces.

EFFE~ OF YARYING MIXTURE COMPOSITION

The effect of mixture composition on the limiting diameters
of openings for downward propa=gition of flames in methane-
air mktures is shown in figure 45. limiting diameters occur
with approximately stoichiometric compositions. Tbe igni-
tion of an intlammabIe mixture by a flame can be considered
practically instantaneous. hIethane-air mixtures exposed to
flames 0.394,0.492, and 0.591 inch in Iength exhibited ignition
lags of 0.0068,0.0042, and 0.0035 second, respectidy; there-
fore, even though the ignition Iag is practicality zero for flame
ignition, the Iag, decreases with increa#ng size of the ignition
source. Lfiium ignition Iagg have been found to occur
with approximately stoichiometric mixtures.

LIMITING SIZE OF OPENINGS FOR FLAME PROPAGATION

The minimum quenching distant= or the limiting diam-
eters of tubes or holee in thin plates through which a flame
will not propagate are expressed in Iigures 45 ta 47. 31ini-
mum Iimiting tube and thiD plate opening diametem of
approximately 0.071 and 0.136 to 0.150 inch occurred for
approximately stoichiometric mixtures of coil gas and
methane with air, respectively. These limiting diamete~ for
the downward propagation of flame in inflammable mixtures
were determined for copper tubes having length diameter
ratios J/d of 10, and for circular openings in thin copper foil
and mica plates having thicknesses of 0.0033 inch and 0.0024
to 0.0087 inch, respectively.

Some references (for example, references 62 and 67) indi-
cate that the quenching of the flame is due soIeIy to tha
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FIGL,EX K—EM of time mmpmftlon on LimItlng dknetem ofopedngs [n copper and
mlea plat.m and mpper tubes h downword E9me propag3tfon Lnmethoneak mktures at
atmcmpheria pmmure. .(Data from reference 62)

codirqg effect of the unburned gases rather than a cooling
effect due to varying thermal conductivity of the confining
material. Data from reference 68 indicate that in addition to
this effect the confining material and opening conjuration
may affect the quenching distance by varying the size of the
dead space between the surface of the flame and the opening
of the enclosure. The reduced inflammability range and the
increased limit~m diameter of opening for downward flame__
prop~gation determined with copper tubes instead of open-
ings in copper foil maybe due to an increase in the size of,the
dead space caused by the greater over-aU cooling effect of the
cupper tubes. Investigations conducted with the glass tubes
and the mica pIates (references 62 and 63) gave approximately
the same rodts as experiments in which copper tubes and -
plates were used.

FTo data were found in the survey of the Literature to indi-
cate the limiting sizes of openings for propagation of ffames
of gadine-air mixtures. Reference 65, however, indicates
that the quenching of laminar oqhydmgen flames by solid
surfaces is partIy dependent on the factor k/SC, where

C heat capacity per unit ~olume of unburned mixture at
quenching temperature

k thermaI conductivity of unburned mixture at quenchi&- -
temperature

S burning velocity of mixture
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Fmrmz47.-Qnenehfngclpropme-sfrtiatvarfousmfxtmepmzsmes endtem~tnre of
ZP 5 downward tie propagation C&h Mm reference6S.)

I

$- .4
-e.- t-t-t-k

Fmzru 4S.4uenchim7 ofmomnedr flmneset vorfoua mfxtnre oreseum and temxretllreof

Figure 46 was plotted, using dues of k/8C calculated as “

indicated by reference 65. Experimental data, wbic.h per-

tain to the limiting size of openings for flame propagation in

gasoline-air mixtures, are nn&vaiIabIe in the literature.

Accordingly, k/i3C’ ma calculated for a stoichiometric

moctan~air mixture, which was assumed to be approxi-

mately the same as a. stoiehiometric gasoline-air mixture.

This calculated value of k[SC indicates (~. 46) that the -

limiting diameter of *ircti openings and the limiting

distance between parallel plates for downward tlazne propa-

gation in gttsohu+air mixtures me approximately 0.13 and

2.09 inch, respectively.

EFFECT OF GAS PRESSURES ANT TE3~ERATURES

The effect of mixture pressure on the quenching of propane-

wir flames is indicated in figure 47. The configuration

used consisted of a rectangg opening in %S-inch copper

plates. The length-width ratio of t-he alit was ahmys greater

than 3.6. For all mixture prwmres from 0.0832 to 2.77

atmospheres, the minimum Iimiting slit width for downward

propagation of fl-e occurs with mixtures slightly richer

:han stoiehiometric. As shown by figure 48, for any single

nixture compoaitio% the dependency of the limiting slit

tidtb on the mixture pressure is expressed approxirnately-
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by an rquation of the form
~=h”ps (7)

1

t

1 t 1 11

. i ‘~
.m I

2 3 4 5 6 7
Prop ane fn propane-HP mIMure, percen f

by volume

FIGUM 49.-Quenchfneof pmrmne4r Enrrm at varfrm mkture temperahuee (grrsand IMW
at same tempemtma). PremrrG 143 pounds per square inti ataolut?, Wt Iength+ldth
ratlot > S.* SIIt jaw Jfs-tnch ewper @ateq downward time prwmgatti. (Dnt8 from
referenea W.)

where
lZ constant
n negative exponent
p mixture preesure .
W sfit width
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..-
.-

Tbe results of investigations conducted with propane-air
flames at atmospheric pressure to determine the effect of

-—

mixture temperature on the limiting slit width of the quench- -”
&c configuration just. described am presented in figure 49. . ___
The mi..ture and thti plates forming the rectangular opening
were at the same temperature. For all temperatu~ from -
80” to 545° F, the miniium limiting slit width occurs with—-—
mixtures slightly richer than stoichiometric. The limiting
alit width decreases with increasing mixture temperatum- ~
Similar data for brass-plate protective de~-ices in naturaI-

:--
—

FmrnK gl.-lrffeet uf pIate tempemture on perforrnarm of brmr@t* PdXf.fve de~m - _
@la.tes,0.091u. by41uJfn inllemmable atrrraspheres mntralnbrg .S.6to DAWWnt by vOhI~
mtural ges fn air. (DsW from refarenm W.)
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gas-air atmospheres are given in figure 50. The limiting
distance between plates for a singlo mixture decreases linearly
with increasing plate tcmpcmturc.

EFFECT OF DILUENTS

The effect of diluents on the limiting diameter of openings
for propagation of flames in methane-oxygen-nitrogen (air)
and methane-oxygen-argon mixtures is shown in figure 51.
The minimum limiting diameters of copper tubes (length-
diamcter ratio =10.0) are 0.150 and 0.087 inch, respectively,
for flame propagation in tho methane-air and methane-
oxygen-argon mixtures. The cooling effect of the unburned
gases is indicated by the smrdler limiting diameters of open-
ings for flame propagation in mixtures having the smaller
heat capacities and thermal conduct.ivities.

IV—RELATION OF PUBLISHED DATA TO AIRCRA~-
FIRE PROBLEMS

Fires in aircraft usually resuIt from the ignition of inflam-
mable vapors by heated surfaces, hot (electric) sparks and
arcs, and flames or hot gases. The source of ignition can
of ton be definitely determined for fires during flight or ground
operation of aircraft, but tho ignition source in crashes is
often unknown, because the inflammables may sometimes
be exposed to all the ignition sources simultaneously.

.40
Diluent gas

~ N;;o;q e q o

.35

.. Q
i..
~.30 -

[ \ al )

.0.4 1 I I I I
4 6 8 /0 I& ~a

Methane in methane-oxy en-diiukflt-gas “ “

t-n fxfure,perc-n?by volume

FKXME51.-NfeI~ of cUIucnt-gaaadditions on Mrnltlngdiametem cdopeT@J for flame prop
agatlon in metbanwxygen-dUuemt-gag mhtnms. Downwexd flame propagation through
mppcf Cubq longthdlarnetw mtfo, 10.G ratio of oxygen w dfluon~ 21:7D. (Data fmm
referenee 63).

IGNITION BY HEATED SURFACES

Heated surfaces are common ignition hazards in aircrafti
environments. According to reference 70, hot exhaust ducts,
combustion heaters, carburetor-air heaters, overheated cal)iu
superchargers, moving parts overheated by friction, and
short circuited or malfunctioning electric equipment huvc
been responsible for the heated surface ignition of fires in
airIine aircra.f t in the dccado prior to 1947. Of these surface-
ignition hazarcls, the exhaust system is a continuous htizard
during operation of the. aircraft. The other ignition sources
exist intmmittentiy, generally because of malfunctioning or
mechanical failure of the particular compcmcnt.

A survey of air-transport crash records (reference71) indi-
cates that the inflammable most frequently initinlly involved
in flight or ground fires and thus considered most lmzardoua
of the liquids carried in aircraft is gasofine. Imbricating oiI is
not quite as hazardous as gasolino bccauso of its much highm
flash point and much Iower volatility. Half the fires men-
tioned in the survey of flight fwes iuvolved eithw gasoline or
lubricating oil as the initial inflammable.

In order to ignite any irdlammablc by a heated surfrwe,
the right proportions of the inflammable must contact iho
heated element. The temperature at which ignition occurs
depends on the length of time the inflammable is in contact
with the heated air or surface. According to the aforenwn-
tioned survey, this contact is brought about during ground
operation mainly by failure of the fuel plumbing system.
Typical of fuel-plumbing-system failures arc primer Iine fail-
ures, primer leaks, leaky hose connections, fucI pump leak-
age, and failure of the carburetor vent lim. Serious accessory
section fires in radial engines arc often due to this type of
failure, which alIows inflammable vapors or fluids to escape
and contact or drop on the hot exhaust stacks.

Flight fires are due primarily to engine failures, which
usualIy are the result of structural faults of various com-
ponents. Engine failures, especially in radial engines, often
result. in a rupture of the engino induction and exhaust sys-
tems. This type of failure can casiIy bc brought rdmuL by
engine cylinders displaced by broken connecting rods. When

(s) Fnc~ lCO~tmre gmrillne.

FmuBx .5W+Zonesof inffmnmabfW offwl ~ dmmft fnel tanks. (Datafmm rckrenea 72.)
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such a displacement occurs, inflammable fueI-air mixtures
and hot lubricating oil are exposed to hot surfaces, which are
primariIy components of the exhaust s~~tem. UsualIy, it is
difllcult to state whether inflammation results from ignition
of the gasoline or the lubricating oiI. Crssh fires are genw-
aIIy due to structural failure of the engine, but are much more
severe than flight fires in most cases.

In the range of its ignition temperatures (450° to 1325° F),
gasoline can exist onIy in the vapor state. Any mixture

capabIe of flame propagation must lie within the limits of in- ._
fknrnability. According to tlgure 52, aircraft fueI-tagk.-
minimum temperatures of —44° and 108° F are explosively __
dangerous at sea leveI for 100-octane aviation gasoline and ._
kerosene, respectively. The area marked “equilibrium con-
ditions” indicates the limiting conditions at which infiamma- ““‘
ble mktures fit in the fueI tank in eqtibrium with the
fuel. Breathing, which widens the limiting conditions for———
gasoline, is the inilu.. of air into a fuel tank during a descent
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due to increasing atmospheric pressure. For kerosene,
which has a flash point generaI1y greater than ambient tem-
peratures, the ignition zone is widened by conditions under
which an ignitiblo spray may be formed. Research carried
out since the publication of figure 52 (b) has shown that the
Tone in which spray ignition of kerosene may occur is known
to be larger than reference 72 indicates, A fuel mist or spray
may be formed by the rupture of a fuel tank by a missile or
the rupture of a high pressure fuel line such as are present
in turbojet engines. Similar data are plotted in figure 53 for
kerosene and for two lubricating oils of diflerent imposition
but of the same viscosity.

In any occurrence of these fire hazards in aircraft, the
ignition temperature and ignitability of the fueI or lubricating
oil will be determined by conditions described in the det,atie.d
discussion prcsentwl herein. TIIc values of ignition tempe.r-
aturc and ignitability defined by these conditions serve as
approximate indications of the relative temperatures at
which heated surfaces become practical hazards in aircraft
environments. Reference 12 indicates that aviation gasoline
will not ignite in air when exposed to the outer surfaces of
exhaust pipes at temperatures below 850° F. Injected into
nir inside hot exhaust pipes, aviation gasoline ignited at duct
temperatures as low as 536° F. Lubricating ofl on the ou ter
surfac- of exhaust ducts ignited at a minimum duct temper-
ature of 625° F. Thus, for compIcto immunity to fires
ignited by the components of the exhaust system, the surface
temperatures shouklnot be greater than approximately 5000F.
Although existing knowledge does not permit a complete
clescription of the components of the exhaust systim that
serve as ignition sources, it. is presumed in this discussion
that the sxbaust duct, the exhaust valves, and the cyfinder
interiors arc the active components.

VoIatile fueIs necessary for engine operation under a
variety of climatic conditions may be responsible for the
reIative ignition hazard of present-day grades of gasoline
used in aircraft operation. As the volatility of a fuel in-
creases, the range in which ignition sources are hazardous
increases. Fuels of low volatility would result in more
difficult starting of a.ircraf t engines, bn L would seemingly
reduce the ignition hazard of fuel in aircraft environments.

Reduction of the fire hazard of the exhaust system can be
accomplished by:

(1) Keeping the inflammables from the hot surfaces
(2) Releasing some substance into and around the exhaust

syst~m in order to prevent ignition if a crash is imminen~
(3) Cooling tho Lxhaust system below temperatures

{’apablo of ignition of ga.~linc or oil
(4) Increasing the minimum ignition temperature of the

fuel or oiI by changing the fuel or oil composition or by
change of material used in thti construction of tho exhaust
ducts

(5) Changing tho volatility of the fueI.
An extinguishing system capable of spraying or flooding the

cxhtiust ducts would aid in preventing combustion by simul-
taneously blanketing and lowering the tempmature of the
hea~ed surfaces. According to reference 73, “it is most im-
portant that the cxtinguishant should be actuaIly injected
into enclosed hot spaces such as exhaust ducts, Iong exhaust

pipes or collector rings, turbine compartnw.nts and tailpipo
ducts, and combination heater chandxm.”

The ignition temperature of gasoline is increased by the
addition of small amounts of tetraethyl lead, benzene, and

similar substances. l?ossibIy other substaucw can be found
that wiIl increase the ignition temperature without reducing
the performance. of the fueI in the engine.

Changes in the surface composition of the eshtiust-duct
material may cffectively inc.rcase the ignition tunpcrat.ure of
the fuel. Dependent upon the mixture composition, highly
catalytic surfaces such as platinum must be hat cd to tenl-
pcraturee 300° to 700° F greatrr than stainless steel to ignite
inflammable nli~t.ures. Use of platinum is obviated by its
cost and thwwfore the aforcmentiomxl comments are only of
academic interest.

FueI-volatility changes apparently are desirable relative to
the tire-hazard problem. According to tables HI and lV,
the surface-ignition tcmpmatures of low-volatility safety
fuels do not vary greatly from those of regulnr grades of
aviation gasoline. Reduced fuel volatility would not increase

tlM ignition t emperaturc of the fuel, but would rcrhm the.
volume in which an ignition source is hazardous.

IGNITION BY ELECTRIC SPARKS AND ARCS

Sparks resulting from short circuits in wiring or from
failures of st artcw, magnetos, or generators; sptarks from the
continued functioning of nonflameproofcd electric appnmtus;
sparks from the continued rot ation of damaged parts; dis-
chmges from the brushw of rotating cquiprnmt; sparks from
ground friction; electrostatic sparks; and clmtric arcs crcatwl
by the scpmat.ion of metallic contacting portions of the
electric circuit such as voltage rcguIatols may all be regarded
as potential spark-ignition hazards in airr.rfif L

I?Iight ‘fires in transport aircraft arc initiated with rquaI
frequency by either electric sparks or the exhaust ducts
(refe.rencc 71). The damage inc,urrrd by the electric spark-
ignited fires, ho~vcver, was generally confhcd to thu electric
insulation. In addition, reference 74 shows thut- sclf-
c.learing arcs arc st atistic.ally mom prcvnhmt during the
breaking of a load-carrying circuit. The clearing time was
from 0.05 to 2.5 seconds, with a mwlian value of 0.6 second.
Compared with the exhaust system, .clectric sparks arc
relatively short, minor ignition hazfirds during flight operation,

High-energy concentrations at short-circuited points rosul~
in self-clearing faults, but arc gcnendl y accompanied by a
scattering of molten metal globules over a considcrabIc area.
hw-en~ concentrations at short-circuitwl points mny re-
sult in a permanent welded contac~ Iwtwren the conductor
and the airplrmc structure. SeIf-clearing faults arc proh-
ably more dnngerous than welded faults lwcausc t.hoy arc
accompanied by extremely high tcmpcraturcs and ccmsider-
able arcing. Welded faults, however, may disrnpt the cnt ire
electric system and thus interfere with wmtrol of the airphmc.

Continued rotation of gcmorators is generally not signifi-
cant in prope]]er-type aircrrtft in the event of crash. In
jet-type aircraft, free running turbines may, howcvtr,
continue rotation of such parts.

According to the survey (reference 71) of fires in transporl
aircraft, two of the 61 crash fires reported were initiated by
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slid .mg friction. Inasmuch as data indicate that friction
sparks ordinarily lack the thermal energy capable of ignit-mg
inflammable mixtures, the source of ignition of these two
mash fires may have been surfaces heated to high tempera-
tures by eliding friction rather than by friction sparks.

Electrostatic sparks generated in aircraft environments
may be ignition hazards. Electrostatic charges having po-
tentials of 50 to 2000 volts ha}-e been accumulated in air of
30- to 51-percent humdity at atmospheric pressure and tem-
perature by benzene flowing through a o. Iz-inch tube into
an indated receiver. The following table from reference 75
imlicates the potentials of electrostatic charges accumulated
in air of 63-perccmt humidity at atmospheric conc{itions by
]wnzene fiowing through tubes of difTerent. mat erials.

~ —.—-

‘1

.-.—
f-&:Jq

Tubt materfd
t ?%%

i Iron . . . . . . . . . . . . . . . . . . . . . . . . . woo
Bass . . ..- . . . . . . . . . . . . . . . ...! 3W.1
.kluminum . . . . . . . . . . . . . . . . . ..l 2900
Coppw . . . . . . . . . . . . . . . . . . . .

I
2030

—.— —— ..-

In air of 78-percent humidity, no ch&ge was accumulated
when the benzene flowed under its own pressure, but even a
sIight increase in the liquid pressure resulted in an accumula-
tion of a high-potential electrostat ic charge. At Iiquid pres-
sures of 2 to 6 atmospheres, electrostatic charges having
potentials of 4000 -rolts and greater were accumulated.
Thus, unIess the equipment is suitably groundwl, practically
any transfer of fueI in any environment is hazardous.

According to reference 76, the potential of the electrostatic
vharge accurmdat ed during fueI transference is apprcmimat eIy
the same for any grade of gasoline or kerosene, increases with
the length of time of the transferring operation, increases
with increasing fuel velocity, and is relatively unaffected by

atmospheric condit iona except that it- decreases with increas-
ing humidity of the air.

The capacitance of the human bod~- has been determined

(reference 77) as 0.0001 to 0.0004 microfarad. Values of
().00w2S to 0.00032 microfarad were consistently obtained for
the capacitance of a pwson leaning against a wall. An in-
dividual charged to a potentkd of 10,000 ~oIts -ivouId have
an electrostatic spark ene~ of 15 rnillijotdes. Because many
infkmmable mi~tures have minimum spark-ignition energies
less than 15 milIijouIes, and this amount of electrostatic spark
energy is easily acquired by ungrounded personnel, equip-
ment, and wiriig, grounding precautions should be taken.

lIost of the sparks occurring in aircraft environments
ordinarily contain many times the energy required to ignite
inflammable mixtures. Sparks of this type must be pre-
vented from occurring in an inflammable atmosphere. Ac-
cording to reference 73, crash switches that cut off or iscdat e
all electric equipment are a possibility. Batteries can no
longer be regarded as the only power source in crashed air-
planes. Although the generatora in airplanes powered by
reciprocating engines would be stopped during a crash by
propelIer stoppage, free-running turbines of jet-engine air-

i
craft may necessitate de-energizing fields or short circuiting
the generator across its terminals if it wodd aid in stopping-
the turbine. Iacdation of the electric system can stop elec-
tric fuel pumps and close solenoid wolves supplying fuel to _
combustion heaters.

Short-circuit fauhs in aircraft can probably be pro- “‘=
tected by rapid acting selective fuse: or circuit. breake~ ~hat
would iaoIate the fault from the rest of the circuit.

-—
In gen-.-. —

erd, fuses are lCSSdesirable than circuit breake~ because ‘of. _
their time-operating characteristics and the fact that they ___
must be replaced after one operation. As indicated by ref-
erence 74, the isolating act ion m-ust be very quick be<ause
the circuit voltage drops rapidly in the fauIted circuit. This

——

drop in voltage could cripple the entire eIec.tric system of the -—-—
aircraft by t-allowing relays and contactora to open because _.
of IO-Wvoltage on the closing coiIs.

—

hnproved design of the load+arrying cables might result - ~-- .-
in reduct ion of the spark-ignit ion hazard. This improvement
might be accomplished by using a conduit containing the .:
eIec&ic leads embedded in a soIid insulating material.
bother possibiIit.y in the design of the electric circuits is th;”-
inchsion of mechanically weak spots surrounded by inmt
materkds such as powders. During crashes, cable separation “~
would occur at the weak points with the energy released by
any sparks being dissipated in inert atmospheres. ...-

IGNITION BY FLAMES OR HOT GASES . ,*

Exposure of inflammable vapors to ties or hot gases -.-L
constitutes the third important fire hazard in aircraft environ- ._
ments. Large, disastrous fires may result from the eqxxure
of inflammable mktures to exhaust flames and gases or ‘.
flames initiated by ekctric spark or heated surface-ignition
sources. Possible reduction of these ignition hazards seems ..-
more d.iflicult than the reduction of spark or heated surface —
hazarda. TJTseof the cooled exhaust gases to inert engine -.
nacelles and fuel-tank compartments would prevent contact
between irdhmma ble mi..tures and hot eshaust gases or ~
flames during flight or ground operation. %n.ultaneously,
the e-xhaust gases would be inerting hazardous portions of the _
plane. During a crash, however, such inert@ may be ,
ineffective. A poasibIe soIution to the problem of names or
hot gases during crashes may be quick acting, crash-actuated _
mechanisms capabIe of flooding the engine and e-shaust ._
system viith fire ext anguishing agents.

.-
CONCLUSIONS

—

An andyais of the avaiIabIe Literature included in the._ ~
survey result ed in the following conclusions:

The inknmability ranges of most hydrocarbon-air mix-~ ‘___
tures decreased with decreasing mixture pressures and
temperatures. The minimum spark-iggtion energies of ‘--..—-
infIammabIe mi~tures and th~ quenching distances of eIec___
trode configurations both increased with decreasing tit ure

.A

pressures. & a result of these effects, sea-IeveI pressures and “”~
temperatures of inflammable mixtures were the most critical _
design considerate ions, relative to the reduction of fire
hazards in aircraft enviromnents.

——
.
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Generally, the ignition temperatures of hydrocarbons in air
increased with different variables as shown in tho following
table: /

Deuenzing varioble Inmea@ vzrlable

4
IgnklOnM MLxture turbulence

%%~i%z%%enumbsr
Mixture WhXitY
Surfece Cstssytfo acuv!ty

Bo#ti=t or number of carbon atoms In ~tl’Mtby] lead addltkms

Ignition temperatures of hydrocarbons were also increased
if scale or ash existed on the igniting surfaces or if the in-
flammables were dropped on heated surfaces in the open air.
ThL’ ignition temperatures of hydrocarbons containing the
same number of carbon atoms were lowest for normal par-
affhs fo~lowed by paraffiuic isomers and aromatics.

Gasoline exhibited zones of ignition and nonignition for
certain oxygen-fuel ratios much in the same manner as normal
octane. The ignition temperature of gasoline in air depends
on the. degree of confinement. of the mixture by the expmi-
mental apparatus. Dependent on the expc.rimental condi-
t ions and the degree of con6nement, the ignition temperatures
of gasoline in air may range from 450° to 1325° F. The
Iowrr and upper limits of inflammability of 100-octane gaso-
line in air at atmospheric conditions were approximately
1.40 percent and” 7.40 percent by volume, respectively, and
thc minimum ignition pressuro was approximately 35 miUi-
metws of mercury absohtc. The minimum diameter of a
hole or tube ,through which a gasoline-air mixture flame
would not propagati downwards was approximately 0.13
inch m determined from interpolation of data of known
mixtures.

Minimum spark-ignition energies of inilammablc mixtures
were greatly dependent upon the electrode con6gurat,ions;
these cnwgics increased with increasing size of electrodes
Hn~ mixture velocity and dccrcased with increasing electrode
spacings. hfinimum sparlc-ignition energies as low as

().28 nWijouIc were capable of ignition of methane-air-mbc-
turcs. Electrode materiaI had no visible effect on mixture
ignition by capacitance sparks, but the minimum ignition
energies of inductance sparks decreased with decre=ing
electrode-material density. The measured minimum ignition
energies of inductance sparks decreased with increasing spark
potentials, and were una.ffectwl by alternating or direct cui=
rents. Although high humidity content of the air tends to
prevent accumulation of electrostatic charges capable of
producing sparks having suf%c.ient energy to ignite vapor-air
mixtures, practically any transfer of fuel in any environment
was hazardous unless the equipment was suitably grounded.

.4n inrrcase in the amount of diIuent gases in a mixture
increased t,hc ignition tempmature. In hydrocarbon+xygen–
dilumt.gas mixtures containing either argon, carbon dioxide,
helium or nitrogen as the. diluent component, lowest values of
quenching distances, minimum ignition cnwgics, and mini-
mum ignition prcssurm were exhibited with inflammable
mixtures containing argon as the dilue.nt gas. Highest values
of quenching distances and minimum ignition energies were
t’xhibitwl with inflammable mixtures containing helium as the
diluent gas; highest values of minimum ignition pressures
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were exhibited with inflammalJe mixtures containing enrbon

dioxide as the diluent. In order to render any mkturc of
100-octane. gasoline and air noninflammahlr, npproxirntttcly
42,5, 36.0, and 28.7 percent by volume of nit.rogcn, autonto-
bile exhaust gas, or carbon dioxide, respcctivcly, were
necessary. -

Application of the survey data to the airmaft-fh problem
indicated the possibility of reducing airrraft-fire huzards by
means of the following remedial measures:

(1) %event.ion of contact of fuels or fuel vapors with t.ho
hot exhaust surfaces

(2) Release of an extinguishing agent inside of and around
the exhaust system if a crash is imminent

(3) Reduction of the tanperature of the =llallst duct or.
gases below the surface-ignition temperature of gasoline and
lubricating oil in the event of a crash

(4) Increase of the surface-ignition temperatures of gaso-
line and lubricating oil

(5) use of fuels of reduced volatility
(6) Elimination of the. electrical generating system as an

ignition hazard in tbe event of a crash
(7) Inerting of engine nacelles and wing compmtmcnts.

LEWIS FLIGHT PROPULSION LABORATORY,

hTAT]ON~LADVISORYCOWHTTEE FOR AERONAUTICEJ,

CLEVELAND, OHIO, Februa~ g7, 1950.
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TABLE I—SURFACE IGNITION TEMPERATURES OF
SEVERAL INFLAhlMABLES IN AHt

(a) Ignition surfaces, heated 6-inch-diameter steeI tube and open steel
plate (reference 72)

~ ~

Gasoline (unbend@ .--.. ._ . . . ..-. _... -----
l@l@c4aneaviation ge.dfne (leaded) . . . . . . . . . .
Eero5ene. .- . . . .._ . . . . .._. __________

Lubrfcat@ oil..- .....-___ ..............

s Heated-aurfoee l@nitionenvhnments.
-1
>1=s -44
>ms –44

lm
75!4 1%
?40 4s2

(b) Ignition simfaces, heated uickel or iron plates (reference 24)

Note, 0.5 or 1.0 mm by 46 rum by 140 nrnx ten eratorea mearured by
W?thermocouple solder to plate.]

Fuel
Surfrm
igzdtlon

tem~~ture

Benzene --._. ..- . . . .._. -...__.
Toluene ---------------------------
Eth lalmhol . . . . . . . . . . . . . . . . . . .
c Jokwe -----------------------

$n. entane. - . . . . . . . ..- . . .._._-_

mHeptie ------------------------
tkDeeana . . . ..-. _.- . . . .._-..__
Rnrrranion avfatlon gaaoUne.__.-.
Shde*U~llne . . . . . . -----------
Green m eml oil . . . .._ . . . . ..__
Dixnethykyefohexene. . . . . . ._-_..

TABLE II-EFFECT OF IGNITION-SURFACE COMPOSITION
ON SURFACE IGNITION TEMPERATURES OF SEVERAL
FUELS IGNITED IN AIR BY STATIC CRUCIBLE METHOD

(a) Data from reference 40
[Aii eondgurationsare lW cyiind~~~i~yex auriem, vihieh la 125-ccspberi=

~%:::Lwbntyl abmhol.-:...- S26
Gmrdirre (Soenny) . . ..-

-.

(b) Data from reference 36
[Ignttfon volume, llSO cc; ignition w 1 we.]

Surfam.

Fuel
-f

Flatfnum

*Pentme (teebnkd grade) . . . . . . . . . 1074
n-Hexma . . . . . . . .._.. ._ . . . . -------
*oOtma .. . . . . . .. . . . . ..--. ..-.. -.. @
IamCt&le....- . . . . . ..-.. ----------- KM&
g:~y-- . . ..-–__...--.._..-

.. . . . . .. . . . .. . .. . . . . . . . . ln8

ToIuene . . . . . . . . . . . . . . . . . . . . . . . . . . .

%Y;::h;;;:::;;::::::::::::::............
Ethy alcohol (ala.) . . .._-. . . . . . . .
tr-PropyI dwhol . . . . . . . . . . . . . . . . . . . .

1171
1150
1144
IOM

?%

Benxyl akobol-----------------
Iao p ldmbl. . . . . . . . . . . . . . . . . . . lpi
M#tYTdmhl --------------------- l%
Iammyl alwhol. . . . . ..-- . .. —.....
Ethylene gIyeal. ..-.. ----------- m

nftIon
hi-e

Pyrex

1004

#

lR!

1119
1110
110s

1%
879

SzP
W1

~

TAFILE HI-EFFECT OF OCTANE NUMBER ON SURFACE IGNITION TEMPER.4TURE OF UNLEADED LIQUID FUELS
IGNITED IN AIR BY DYN-4MIC CRUCIBLE METHOD OF IGNITION (REFERENCE 78]

I Fuel

! Certided 2,2,4-trimeth ylpmtane . . . . . . . . .
i Paradlniosfety ful..- . . ..-. -.. --_ . . . . .

/ “w#j% T%Wr.%li”bK$H:!:
DUeo u ylene (mixture of 2 lsome~ . . . . . .
Amrrmtio safety fuel.. . . . . . . . . . . . . . . . . .
Straight-run avfation gaeolbM._-_-- . . . . .

CertMed *Mptam...- . . . . . . . . . . . . . . . . . . .

Oetana
nnmber

100
99
M

~S4 ti7;ul+

’74

0

Surhxceigni.
tiOn~per- FIdl

(’n
Poo;

(*)

G70 ...iz..

RI --...--,
Sso -------

i% -.:!’..
49: ~om --------

A.S.T.M@~iliatfon I

all all 1.b
830 f4: 342 ~ about 0.1

Ha 212 7.0
roux. max. max. max.

.733 . ------- -.- . . ..-— . . . . . . . . . ---- .- . . . .. —---
Zn m w 391 akmr$o0.1

---------- 16s m 237

I max. I max. I mar. I rnnr.
m ma !a9 Xe3 I. 6 I

● $= ~1, 50 cqhrrln at atmospberfo pressure and temp?ratrrm; fuel addft@ 0.01ml from pipette at >minuts Lntervafx;fgnkfon aurfoee,

b Depends on I&oektestmethod.
o ~’~@itfOn zone fmm 540to ?eCPF.
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TABLE IV—EFFECT OF ADDITION OF TETRAETHYL LEAD
ON SURlj’ACE IGNITION TEMPERATURE OF SEVER.4L
FUELS AS DETERMINED BY DYNAMIC CRUCIBLE
METHOD

(w Data from references 79 and 17

Pentane . . . . . . . . . . . . . . .._.-
Ieoherane._. -. . . . . . --------
Heptane . .. . . . . . . . . . . . . . . . . .
Ge@f.ne (8hellj ----------
Benzene . . . . ..- . . . . . _____
0 clohex.eue-------------
b/ethylcyclohexsne --------
Cc-e ---------------------
n-Heptaue.-. . . . . . . . . . . . . . . .

I
Wocwe-------.---.--.---.
Iscdodeune------------

Ignftfon
temperature
nmease Wfth

~ 1Reference

* 0.25 percent by VCdOmOTEL sdded (8f)pmXtM8telY0.S CG’3@.
flow rate, 320 d~ md drrm Sfze, o.o*3-o.o13SC), fgrdtfon Snrfece. L%

b 3 cG@I TEL ed MI. (Mr-flow rote, 54 er@lw fuel drop sfze, s I@;
Ignitlcm- Stefnkn Sta

(b) Surface ignition temperatures obtained from reference 78

Fuel

Certideda-Lwptfine -. . . . ------------------------- 1?%’
! Certided 2,~4-trhthyIpente.ne- - . . . . . . .._ ---970

Psmf6nfeeafety fc2.L–—---------------- 9s0
~ Ammstfc~etyfue I.... . . . . . . . . . . . . . . . . . . . . . . . . . .

N@@tas*tin ~.. - . . . . . ..-.. .-... ---- E

.-----------
40
w
w
KJ
40

so

WifP

-—--—.
IIo
Uo

-—.

A. S. T.M. dktfllstfon (W

““-~
m 209 m w

Ifll .211 ml
S30 z 242 244
m 223 ~ 337.

.— _- Im 2S7
- msx. -

.——. —-- IES 2L2 S5i
- max. me.lL

341 .

.— .._
- -_..
---

~
.—

—
-.—
.—
-—

—
—-
-.:.

A.L6

Lb
abent 0.1
about 0.1

7.0

7.0

—

● AIFdow rate,OU@nfn atatmc@erfcpmsmre
TEL added.

end tempemturw fuel uddkfom O.01mI from pipetteat%minutefnteme+ls;fgn[tbnsurface,etdokss= 3 m%I

hNm@[tlomzmefremHl toi6iYF. .—
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TABLE V—IGNITION TEMPERATURES OF VARIOUS FUELS .4ND OILS

[AUresulte from expertmants eondncted at atmosdm+oPresmreandtauwemtnreunfesaotberwkenoted.]

Fuel Fuel swcltlwdlon Referene4

Gwlim -----------------
Aviation gamline . . .._.. -
Oesollne. -.. . . . . . . . . . . . . .
GamUne . . . ..--. -.-_ . . . .
Avintiongadfrra-. . . . . . . .
Gmlb . . . . -------------
Avistlon gamline . . ..-- .
Ciwoline- . . . . . . . --------
Aviation gamllne .. . . . . ..-
Aviation gasoUne. . . . . . . . .
Aviation gesoline . . . . . . ..-
Aviation gamlirre. . . . . . ..-
ckdfna. . . . . . . . . . . . . . . . . .
QoaoUne. . . . ..-——–
Gwuw . . . . . . ..-. .-- . . . .
Sdety fuel . . . . . . . . . . . . .
Safety fuel. .-.-. . . . . . . . .
Aviation g-line . . . . . . . . .
Aviaffon gasdina.. -------

b . . . . ..--. -----. --–. -–.. --.—--—bZOO~P. I.; irdtialbofling@rst, 111°F... -.-...
we-.. --._ . . . ..___ . . . ..-... --. —------
Somny .. .._ . . . . . .. —._- . . . . . . . . . . . . . . . . . . . . .
C&WA.P. L; boufng rsrrE%111°4240 F . . . . . . . ..-.
---------------------------------------------

—..._-...-----------,. .=-=-.,------- ..— -----------
file -----------------

7“ F... -.....-.
# F.-. . . . . . . . .
2b” F . . . . . ..-.. -
?2P F .. .._.- ..-
. . . . . . . . . . . . . . . .

!----------- ----
int, le~ F... _____ . . . . . . . . . .

p::.. . . . . . . . . . . . . . . . .

S5S A. P, I.; mlenclwl; 7KOCtW
MA. P. I.; boiling range, 109%72
63.WA. P. I.; boiling rang% 106°-.S?’
bLW A. P. 1.; boiung range, I.M”-%

%$ k : i! %%%wdza
@d.l”d P: L; mrlend@Ll~ o@%

%%?$%gkne; eromnl
Ihlmded:@ cctnne; @mu.. . . . . . . . . . . . . . . . . . .
Lsaded: lb octane . . ..--.. -... - . . . ..–.-—.—— I
Mrdghtmn. --- . . . . ..-... -------. –-.. -. . . ..--.l

Qm~ne . . . . . ..----. - . . . ..l.-.-------.-.. - . . . . . ..---.----. --... ---. --..-.-l
OwUne . . . . -------------- . ..-- . . ..–--.-...--.—-------. ---. ---... -....—
Gasoline . . . .._-. .- . . ----- Unleaded; fimh point, -44° F------ . . . . . . . . . . . . .
Aviation geerdine.. . . . . . . . -—.. —------------------------------------------
Avi@tlonmedine..-..-... Lead@ 1~ octane; flaeb point, -44° F ----------
G90une.:. . . . . ..--.---– .—-.—----–----. —------------------------
Clesoline. . . . . . . . . . . . . . . . . fiOmsh* on. --. --- . . . . . . . . . . . . . . .._---_-... _
Avktion gasoline. . . . . . . . . Rn~-----------------------------------
GmOline..--....--—--–.––Unleode&flashpaint, -44” F... -. —. .. . . .-----
AvletiengaeoIlne..-.. -... L-mded;l~oetae;- point,-44° F-----------
Ckwline. . . . . . . . . . . . . . . . . .-------. ----. -.–-v-—-
Gedine.. - . . . . . . . . . . . ..- Bo

—— ----——-

1 -%%%elnc,ravit,,d.,,
e, 1OO”-4OI”F. Ed Wint, -M” to

pi)4a:________ ---. -–-.. —... —--------------------------------

GwO]lne-- :: . ...111111 -B-m-:::: -:-:::-::::::::::::::
Kc-m ----------------- Water u-hIte. . . . . . . ..–-.-.-----–-----... -----—
Kemrene---------------- FIBShpoint,10s”F-. ---.. -–-— --------------
Eemne ---------------- Fleshpoint,10SOF..--..-.---.—.—-.—-–—
Kerosene.-.. -. . . .-------- Fleeh int, lW-lW F....–-. -----------------
Ah’ereftIubrImt@Ou._. SAE #mfdentinerrt solvent ostreeted_ . . . .._-
Lubricatins an . . . .._-... Flub Wint, >XfIo F-. --- . . ..-... ----. —-—
Lnbrk%ting oil . . . . . . . . Flesh point, 4SP F...– . . . . . . . . . . . . ---------
Lubrfeatin of . . .._..._ Floah~int, 43P F..--- . . . . . . ..- . . ..-.-----——

Turbine l~tim%ngoil... Openapflmh mint, 4CKIF--------------------
Naval lnb eati oil . . ..- N. S. AM... ---. -.-—%-----— ---------------

........-.

..------

...... ....

i

j

‘L
....-. —

Igrdtlon IIgnition
Ignition

Ignitingewfnee tomo~ra-
atmoephem (%) rm

4 -

Air---------- Pyres . . . . . . . . . . . . . . . . . -.---m . . . . bm
Alr---------- P-yrex. . . . . . . . . . .._.-.
Air.. .--... -.. Copper --------------- ------------ :~
Air. ..--. . . . . Mv carbon steel . . . . . . . ..-. -i...-
Air . . . . . . . . . . . P Rex. . . . . . . . . . . . . . . . .

LAir. ._-_ . . . . C mfum. ..-.. ----- . . . . ..i3—.. ●:
pa... . . . . . . . . . Pyrex . . . . . . . . . . . . . . . .

. . . . . . . . . . . m---------------- -----c7---- ~
Afar. . ..__.._ Pyrex . . . . . . . . . . . . . . . . .
Air.. .__-... Pyrex . . . . . . . . . . . . . . . . . m
Afr._-.._ . . . . Pyrex . . . . . . . . . . . . . . . . . . . . ..-_.. -.. 024
Air.. -..-. -... Pyrex . . . . . . . . . . . . . . . . MO
Air. .-.. _._. Pyrex . . . . . . . . . . . . . . . . . ----.. —..
Air---- . . . . . . Pyrex . . . . . . . . . . . . . . . . . ---------- g:
oxygen. . .. . . . steal..-... -... +-...-.------------
Mr... -.- .. . . . .----.. --.. ----–-—–- ... . . . . .. ..- 7W
Air . . . ..-.-.. .-.-.. -----––--.-—- ---------- w
Air---------- . . . . . . . . . . . . . . . . . . . . . . . ..-.<------ 9W
Air. . . . . . . . . . . Steal. .. . .. . . . . . . . . . . . F-30
Air.. --.- .. . .. . . . . . . . . . . . . . . . . . . . . . .
Air. . . . . . . . . . . Pyrex.... . . . . . .. . . . . . . . .._.L g
Air.. .-. -.. -... Stel ----------------- ...- ....—
Air.. -.._._. steel - . . . ..-.. .-- . . . m
Air. .-..-__ Eted . . . . . . . . . . . . . . . . ------—- n4
Air . . . . . . . . . . . Copper --------------- ------------ IQ04
Air . . . . . . . .._- Iron or nickel . . . . . . . . . . . . . . . . . ..- lWO
Air . . . . -------- Iron ornkke! . . . ..--.. --------- IR3b
Air . . . . . . . . . . . . std.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Air.. -–.-.... std . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ;;M
Afr- . . . . . .._- IIorl . . . . . . . . . . ------- --—--—-- 1S2S
.. . . . . . . . . . . . . . . —. .. ---- . . . . . . . . . ..-. ..-. ..—. 4%s

oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ---------- m
AI,. . . . . . . . . . . . . . . -------------------- ------------
Air . . . . . . . . . . . Iron . . . . -------------- ------—- ;
Al,.. --–-.... ------------------------ -----------
Air.. --- . . . . . steel . . . . . . . . . . . . . . . . . . . . . . . ..-— 417
Air.. -.-. . . . . Steal . . . . . . . . . . . . . . . . . ------------ =

. . . . . . . . . . . . . ..- ---- —. .-. -... -.. --- . . . . . . . . . . . . 4Q0
Air . . . . . . .._- . . . . . . . . . . . . . . . . . . . . . . . . .._..ti___ 7m
Air . . . . . . . . . . . std . . . ..-.. .- . . ..-.-. 7m
Air--------- Sta---------------- . . . . . . . . ..- b71
Air . . . . . . ----- Steal-. .. . . . . . . .. . . . .. . -..-.-.-–- mb
Air.. --- .. . . . . Pyrex . . . . . . . . . . . . . . . . . ..-..-..— S95

.. . . . . . . . . . . . . . . . . . . . . . . --------------- . —-------- %m

~ Statto mudble metimd. ● Imweett8mperatrrre mensorSd. ●Dynsrnfc heeted-tube method.
b Average of five triak. d Dynamic cruofble method. f Liquid droppwl into hated: m. or steel tube (static). ~~%~~=~ hmt~ met~ PIOI.

TABLE VI—LIMITS OF INFLAMMABILITY OF GASOLINES AND IWROSENE IX .41R

[AUrodta =e from Investigations ermducted at atmospheric prewure and temperatmw unk othervd.m noted.]

a::’-----
.,.,.s::p= iz:(Fmeoum--:..S- eefficgraiit y, 0.7&dd~~~~-~---(~i:=~-u”-u” F.-

Sperkorfime. -... _. Veftieal tube.. . . . . . . . .

QoSoune.--... U%eoded; 1~ oetmw E&l” A. P. I.; %, W2blbisq fn. at Almhol tie . . . . . . . . . Vatkal tub!i. .. . . . . . .

0SdiIr8.....- Unlde@ W1octane;SS.OOA. P. L; RVP, 8.b2 lb/sq In.d

GesoUne----- UnI~ed; 73 ochme; WS” A. P. L; RVP, 8.S7lb/sq in. at

KerWma . . . . . . ~OSOd~P Rash Polmt, 100°-1050F..._ - AIcnhol Jb3rne. . . . . . . . . Vertfcaltuba... .. . . . . . Lbo .

● In flermnabiUty Umits are volnmetrlo parcentngea ef fuel in fnel-afr mtxture.


